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Abstract
The Optimal Power Flow (OPF) problem is a fundamental
building block for the optimization of electrical power sys-
tems. It is nonlinear and nonconvex and computes the gen-
erator setpoints for power and voltage, given a set of load
demands. It is often solved repeatedly under various condi-
tions, either in real-time or in large-scale studies. This need is
further exacerbated by the increasing stochasticity of power
systems due to renewable energy sources in front and behind
the meter. To address these challenges, this paper presents a
deep learning approach to the OPF. The learning model ex-
ploits the information available in the similar states of the sys-
tem (which is commonly available in practical applications),
as well as a dual Lagrangian method to satisfy the physical
and engineering constraints present in the OPF. The proposed
model is evaluated on a large collection of realistic medium-
sized power systems. The experimental results show that its
predictions are highly accurate with average errors as low as
0.2%. Additionally, the proposed approach is shown to im-
prove the accuracy of the widely adopted linear DC approxi-
mation by at least two orders of magnitude.
 Note: This paper is an extended version of (Fioretto, Mak,
and Van Hentenryck 2020).
Introduction
The Optimal Power Flow (OPF) problem determines the
generator dispatch of minimal cost that meets the demands
while satisfying the physical and engineering constraints
of the power system (Chowdhury and Rahman 1990). The
OPF (aka AC-OPF) is a non-convex non-linear optimiza-
tion problem and the building bock of many applications, in-
cluding security-constrained OPFs (Monticelli et al. 1987),
optimal transmission switching (Fisher, O’Neill, and Ferris
2008), capacitor placement (Baran and Wu 1989), expansion
planning (Verma et al. 2016), and security-constrained unit
commitment (Wang, Shahidehpour, and Li 2008).
Typically, generation schedules are updated in intervals
of 5 minutes (Tong and Ni 2011), possibly using a solu-
tion to the OPF solved in the previous step as a starting
point. In recent years, the integration of renewable energy
in sub-transmission and distribution systems has introduced
significant stochasticity in front and behind the meter, mak-
ing load profiles much harder to predict and introducing sig-
nificant variations in load and generation. This uncertainty
forces system operators to adjust the generators setpoints
with increasing frequency in order to serve the power de-
mand while ensuring stable network operations. However,
the resolution frequency to solve OPFs is limited by their
computational complexity. To address this issue, system op-
erators typically solve OPF approximations such as the lin-
ear DC model (DC-OPF). While these approximations are
more efficient computationally, their solution may be sub-
optimal and induce substantial economical losses, or they
may fail to satisfy the physical and engineering constraints.
Similar issues also arise in expansion planning and other
configuration problems, where plans are evaluated by solv-
ing a massive number of multi-year Monte-Carlo simula-
tions at 15-minute intervals (Pache et al. 2015; Deutche-
Energue-Agentur 2019). Additionally, the stochasticity in-
troduced by renewable energy sources further increases the
number of scenarios to consider. Therefore, modern ap-
proaches recur to the linear DC-OPF approximation and fo-
cus only on the scenarios considered most pertinent (Pache
et al. 2015) at the expense of the fidelity of the simulations.
To address these challenges, this paper studies how to ap-
proximate OPFs using a Deep Neural Network (DNN) ap-
proach. The main goal of the OPF is to find generator set-
points, i.e., the amount of real power and the voltage mag-
nitude for each generator. Approximating the OPF using
DNNs can thus be seen as an empirical risk minimization
problem. However, the resulting setpoints must also satisfy
the physical and engineering constraints that regulate power
flows, and these constraints introduce significant difficulties
for machine learning-based approaches, as shown in (Ng et
al. 2018; Deka and Misra 2019). To address these difficul-
ties, this paper presents a DNN approach to the OPF (OPF-
DNN) that borrows ideas from Lagrangian duality and mod-
els the learning task as the Lagrangian dual of the empirical
risk minimization problem under the OPF constraints. Note
also that the AC-OPF is an ideal application for machine
learning, since it must be solved almost continuously. Hence
significant data is available to train deep learning networks
and improve them over time.
The contributions of this paper can be summarized as fol-
lows. (1) It proposes an approach (OPF-DNN) that uses a
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Model 1 AC Optimal Power Flow (AC-OPF)
Op 9pd, 9qdq “ argminpg ,v
ř
iPN costppgi q (1)
subject to:
9vmini ď vi ď 9vmaxi @i P N (2a)
– 9θ∆ij ď θi – θj ď 9θ∆ij @pijq P E (2¯b)
9pgmini ď pgi ď 9pgmaxi @i P N (3¯a)
9qgmini ď qgi ď 9qgmaxi @i P N (3b)
ppfijq2 ` pqfijq2 ď 9Sf maxij @pijq P E (4¯)
pfij“ 9gijv2i –vivjp9bijsinpθi–θjq ` 9gijcospθi–θjqq @pijqPE (5¯a)
qfij“–9bijv2i –vivjp 9gijsinpθi–θjq–9bijcospθi–θjqq @pijqPE (5b)
pgi – 9p
d
i “ řpijqPE pfij @i P N (6¯a)
qgi – 9q
d
i “ řpijqPE qfij @i P N (6b)
output: ppg,vq – The system operational parameters
DNN to predict the generator setpoints for the OPF; (2) It
exploits the physical and engineering constraints in a La-
grangian framework using violation degrees; (3) It enhances
the prediction accuracy by leveraging the availability of a
solution to a related OPF (e.g., the solution to a closely re-
lated historical instances, which is almost always available);
(4) It recasts the OPF prediction as the Lagrangian dual of
the empirical risk minimization under constraints, using a
subgradient method to obtain a high-quality solution.
OPF-DNN is evaluated on realistic medium-sized power
system benchmarks: The computational results show sig-
nificant improvements in accuracy and efficiency compared
to the ubiquitous DC model. In particular, OPF-DNN pro-
vides accuracy improvements of up to two orders of magni-
tude and efficiency speedups of several orders of magnitude.
These results may open new avenues for power system anal-
yses and operations under significant penetration of renew-
able energy.
Preliminaries
The paper uses the following notations: Variables are de-
noted by calligraph lowercase symbols, constants by dotted
symbols, and vectors by bold symbols. The hat notation xˆ
describes the prediction of a value x and } ¨ } denotes the
L2-norm. The power flow equations are expressed in terms
of complex powers of the form S “ pp`jqq, where p and
q denote active and reactive powers, admittance of the form
Y “pg`jbq, where g and b denote the conductance and sus-
ceptance, and voltages of the form V “pv=θq, with magni-
tude v and phase angle θ.
Optimal Power Flow
The Optimal Power Flow (OPF) determines the least-cost
generator dispatch that meets the load (demand) in a power
network. A power network is viewed as a graph pN , Eq
where the nodesN represent the set of n buses and the edges
E represent the set of e transmission lines. The OPF con-
straints include physical and engineering constraints, which
Model 2 The Load Flow Model
minimize: }pg ´ pˆg}2 ` }v ´ vˆ}2 (7)
subject to: (2a)´ (6b)
are captured in the AC-OPF formulation of Model 1. The
model uses pg , and pd to denote, respectively, the vectors of
active power generation and load associated with each bus
and pf to describe the vector of active power flows associ-
ated with each transmission line. Similar notations are used
to denote the vectors of reactive power q. Finally, the model
uses v and θ to describe the vectors of voltage magnitude
and angles associated with each bus. The OPF takes as in-
puts the loads p 9pd, 9qdq and the admittance matrix 9Y , with
entries 9gij and 9bij for each line pijqPE ; It returns the active
power vector p of the generators, as well the voltage mag-
nitude v at the generator buses. The objective function (1)
captures the cost of the generator dispatch, and is typically
expressed as a quadratic function. Constraints (2a) and (2¯b)
restrict the voltage magnitudes and the phase angle differ-
ences within their bounds. Constraints (3¯a) and (3b) enforce
the generator active and reactive output limits. Constraints
(4¯) enforce the line flow limits. Constraints (5¯a) and (5b)
capture Ohm’s Law. Finally, Constraint (6¯a) and (6b) cap-
ture Kirchhoff’s Current Law enforcing flow conservation.
The DC Relaxation The DC model is a ubiquitous linear
approximation to the OPF (Wood and Wollenberg 1996). It
ignores reactive power and assumes that the voltage mag-
nitudes are at their nominal values (1.0 in per unit nota-
tion). The model uses only the barred constraints in Model 1.
Constrains (4¯) considers only the active flows and hence
can be trivially linearized and Constraints (5¯a) becomes
pfij “ ´9bijpθi ´ θjq. The quadratic objective is also re-
placed by a piecewise linear function. Being an approxi-
mation, a DC solution pˆg may not satisfy the AC model
constraints. As result, prior to being deployed, one typically
solves a load flow optimization, described in Model 2. It is
a least squares minimization problem that finds the closest
AC-feasible solution to the approximated one.
Deep Learning Models
Supervised Deep Learning (SDL) can be viewed as the task
of approximating a complex non-linear mapping from la-
beled data. Deep Neural Networks (DNNs) are deep learning
architectures composed of a sequence of layers, each typi-
cally taking as inputs the results of the previous layer (Le-
Cun, Bengio, and Hinton 2015). Feed-forward neural net-
works are basic DNNs where the layers are fully connected
and the function connecting the layer is given by
o “ pipWx` bq,
where x P Rn and is the input vector, o P Rm the output
vector, W PRmˆn a matrix of weights, and b PRm a bias
vector. The function pip¨q is often non-linear (e.g., a rectified
linear unit (ReLU)).
OPF Learning Goals
The goal of this paper is to learn the OPF mapping O :
R2n Ñ R2n: Given the loads `pd, qd˘, predict the setpoints
ppg,vq of the generators, i.e., their active power and the
voltage magnitude at their buses. The input of the learning
task is a dataset D“tpx`,y`quN“`1, where x`“ppd, qdq and
y` “ ppg,vq represent the `th observation of load demands
and generator setpoints which satisfy y`“Opx`q. The out-
put is a function Oˆ that ideally would be the result of the
following optimization problem
minimize:
Nÿ
`“1
Lopy`, Oˆpx`qq
subject to: Cpx`, Oˆpx`qq
where the loss function is specified by
Lopy, yˆq “ }pg ´ pˆg}2looooomooooon
Lppy,yˆq
` }v ´ vˆ}2looomooon
Lvpy,yˆq
(8)
and Cpx,yq holds if there exist voltage angles θ and reactive
power generated qg that produce a feasible solution to the
OPF constraints with x “ ppd, qdq and y “ ppg,vq.
One of the key difficulties of this learning task is the pres-
ence of the complex nonlinear feasibility constraints in the
OPF. The approximation Oˆ will typically not satisfy the
problem constraints. As a result, like in the case of the DC
model discussed earlier, the validation of the learning task
uses a load flow computation that, given a prediction yˆ “
Oˆpx`q, computes the closest feasible generator setpoints.
Baseline Deep Learning Model
The baseline model for this paper assumes that function Oˆ
is given by a feed-forward neural network, whose architec-
ture is part of the final network outlined in Figure 1 and
discussed in detail later. While this baseline model is often
accurate for many regression problems, the experimental re-
sults show that it has low fidelity for complex AC-OPF tasks.
More precisely, a load flow computation on the predictions
of this baseline model to restore feasibility produces gener-
ator setpoints with substantial errors. The rest of the paper
shows how to improve the accuracy of the model by exploit-
ing the problem structure.
Capturing the OPF Constraints
To capture the OPF constraints, this paper uses a La-
grangian relaxation approach based on constraint violations
(Fontaine, Laurent, and Van Hentenryck 2014) used in gen-
eralized augmented Lagrangian relaxation (Hestenes 1969).
The Lagrangian relaxation of an optimization problem
minimize: fpxq
subject to: hpxq “ 0
gpxq ď 0
is given by
minimize: fpxq ` λhhpxq ` λggpxq
where λh and λg ě 0 are the Lagrangian multipliers. In
contrast, the violation-based Lagrangian relaxation is
minimize: fpxq ` λh|hpxq| ` λg maxp0, gpxqq
with λh, λg ě 0. In other words, the traditional Lagrangian
relaxation exploits the satisfiability degrees of constraints,
while the violation-based Lagrangian relaxation is expressed
in terms of violation degrees. The satisfiability degree of
a constraint measures how well the constraint is satisfied,
with negative values representing the slack and positive val-
ues representing violations, while the violation degree is al-
ways non-negative and represents how much the constraint
is violated. More formally, the satisfiability degree of a con-
straint c : Rn Ñ Bool is a function σc : Rn Ñ R such
that σcpxq ď 0 ” cpxq. The violation degree of a con-
straint c : Rn Ñ Bool is a function νc : Rn Ñ R` such
that σcpxq ” 0 ” cpxq. For instance, for a linear constraints
cpxq of type Ax ě b, the satisfiability degree is defined as
σcpxq ” b´Ax
and the violation degrees for inequality and equality con-
straints are specified by
νěc pxq “ max p0, σcpxqq ν“c pxq “ |σcpxq| .
Although the resulting term is not differentiable (but admits
subgradients), computational experiments indicated that vi-
olation degrees are more appropriate for predicting OPFs
than satisfiability degrees. Observe also that an augmented
Lagrangian method uses both the satisfiability and violation
degrees in its objective.
To define the violation degrees of the AC-OPF con-
straints, the baseline model needs to extended to predict the
reactive power dispatched qg and the voltage angles θ of the
power network. Given the predicted values vˆ, θˆ, pˆg, and qˆg ,
the satisfiability degree of the OPF constraints can be ex-
pressed as: This section extends the homonym section of the
main paper by reporting the complete set of satisfiability and
violation degrees of the OPF constraints.
Given the predicted values vˆ, θˆ, pˆg, and qˆg , the satisfia-
bility degree of the OPF constraints are expressed as follows:
σL2apvˆiq “ p 9vmini ´ vˆiq @i P N
σR2apvˆiq “ pvˆi ´ 9vmaxi q @i P N
σL2bpθˆijq “ ppθˆj ´ θˆiq ´ 9θ∆ijq @pijq P E
σR2bpθˆijq “ ppθˆi ´ θˆjq ´ 9θ∆ijq @pijq P E
σL3appˆigq “ 9pgmini ´ pˆgi @i P N
σR3appˆigq “ pˆgi ´ 9pmaxi @i P N
σL3bpqˆigq “ 9qgmini ´ qˆgi @i P N
σR3bpqˆigq “ qˆgi ´ 9qmaxi @i P N
σ4pp˜fij , q˜fijq “ pp˜fijq2 ` pq˜fijq2 ´ 9Smaxij @pijq P E
σ5app˜fij , pfijq “ p˜fij ´ pfij @pijq P E
σ5bpq˜fij , qfijq “ q˜fij ´ qfij @pijq P E
σ6appˆgi , 9pdi , p˜f q “
ÿ
pijqPE
p˜fij ´ ppˆgi ´ 9pdi q @i P N
Lq
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<latexit sha1_base64="aHAKvivaFsrP9IXhEN4kZln3bxQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE 1GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzU7sq0l13Raa9ccavuHGSV eDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOC11U40JZSM6wI6lkkao/Wx+75ScWaVPwljZkobM1d8TGY20nkSB7YyoGeplbyb+53VSE974GZdJalCyxaIwFcTEZPY86XOFzIiJJZQpbm8lbEgVZcZGVLIheMsvr5LmRdVzq97DZaV2 m8dRhBM4hXPw4BpqcA91aAADAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx8OaI/3</latexit><latexit sha1_base64="aHAKvivaFsrP9IXhEN4kZln3bxQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE 1GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzU7sq0l13Raa9ccavuHGSV eDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOC11U40JZSM6wI6lkkao/Wx+75ScWaVPwljZkobM1d8TGY20nkSB7YyoGeplbyb+53VSE974GZdJalCyxaIwFcTEZPY86XOFzIiJJZQpbm8lbEgVZcZGVLIheMsvr5LmRdVzq97DZaV2 m8dRhBM4hXPw4BpqcA91aAADAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx8OaI/3</latexit><latexit sha1_base64="aHAKvivaFsrP9IXhEN4kZln3bxQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE 1GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzU7sq0l13Raa9ccavuHGSV eDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOC11U40JZSM6wI6lkkao/Wx+75ScWaVPwljZkobM1d8TGY20nkSB7YyoGeplbyb+53VSE974GZdJalCyxaIwFcTEZPY86XOFzIiJJZQpbm8lbEgVZcZGVLIheMsvr5LmRdVzq97DZaV2 m8dRhBM4hXPw4BpqcA91aAADAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx8OaI/3</latexit><latexit sha1_base64="aHAKvivaFsrP9IXhEN4kZln3bxQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE 1GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzU7sq0l13Raa9ccavuHGSV eDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOC11U40JZSM6wI6lkkao/Wx+75ScWaVPwljZkobM1d8TGY20nkSB7YyoGeplbyb+53VSE974GZdJalCyxaIwFcTEZPY86XOFzIiJJZQpbm8lbEgVZcZGVLIheMsvr5LmRdVzq97DZaV2 m8dRhBM4hXPw4BpqcA91aAADAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx8OaI/3</latexit>
qˆg
<latexit sha1_base64="I+u8INZeg1jpvd65L9UmSsiYarc=">AAACD3icbVDLSsNAFL3xWesr6tJNsAiuSiKCLotuXFawD2himUwn7dCZSZyZFErIR7h3q7/gTtz6Cf6Bn+G0jWBbD1w4nHMv53LChFGlXffLWlldW9/YLG2Vt3d2 9/btg8OmilOJSQPHLJbtECnCqCANTTUj7UQSxENGWuHwZuK3RkQqGot7PU5IwFFf0IhipI3UtW1/gHTmhzx7zPOHfrnctStu1Z3CWSZeQSpQoN61v/1ejFNOhMYMKdXx3EQHGZKaYkbysp8qkiA8RH3SMVQgTlSQTT/PnVOj9JwolmaEdqbq34sMcaXGPDSbHOmBWvQm4n9eJ9XRVZBRkaSaCDwLilLm6NiZ1OD0qCRYs7EhCEtqfnXwAEmEtSlrLiXkvwGmGm+xiGXSPK96btW7u6jUrouSSnAMJ3AGHlxCDW6hDg3AMIJneIFX68l6s96tj9nqilXcHMEcrM8fDrKcaw==</la texit><latexit sha1_base64="I+u8INZeg1jpvd65L9UmSsiYarc=">AAACD3icbVDLSsNAFL3xWesr6tJNsAiuSiKCLotuXFawD2himUwn7dCZSZyZFErIR7h3q7/gTtz6Cf6Bn+G0jWBbD1w4nHMv53LChFGlXffLWlldW9/YLG2Vt3d2 9/btg8OmilOJSQPHLJbtECnCqCANTTUj7UQSxENGWuHwZuK3RkQqGot7PU5IwFFf0IhipI3UtW1/gHTmhzx7zPOHfrnctStu1Z3CWSZeQSpQoN61v/1ejFNOhMYMKdXx3EQHGZKaYkbysp8qkiA8RH3SMVQgTlSQTT/PnVOj9JwolmaEdqbq34sMcaXGPDSbHOmBWvQm4n9eJ9XRVZBRkaSaCDwLilLm6NiZ1OD0qCRYs7EhCEtqfnXwAEmEtSlrLiXkvwGmGm+xiGXSPK96btW7u6jUrouSSnAMJ3AGHlxCDW6hDg3AMIJneIFX68l6s96tj9nqilXcHMEcrM8fDrKcaw==</la texit><latexit sha1_base64="I+u8INZeg1jpvd65L9UmSsiYarc=">AAACD3icbVDLSsNAFL3xWesr6tJNsAiuSiKCLotuXFawD2himUwn7dCZSZyZFErIR7h3q7/gTtz6Cf6Bn+G0jWBbD1w4nHMv53LChFGlXffLWlldW9/YLG2Vt3d2 9/btg8OmilOJSQPHLJbtECnCqCANTTUj7UQSxENGWuHwZuK3RkQqGot7PU5IwFFf0IhipI3UtW1/gHTmhzx7zPOHfrnctStu1Z3CWSZeQSpQoN61v/1ejFNOhMYMKdXx3EQHGZKaYkbysp8qkiA8RH3SMVQgTlSQTT/PnVOj9JwolmaEdqbq34sMcaXGPDSbHOmBWvQm4n9eJ9XRVZBRkaSaCDwLilLm6NiZ1OD0qCRYs7EhCEtqfnXwAEmEtSlrLiXkvwGmGm+xiGXSPK96btW7u6jUrouSSnAMJ3AGHlxCDW6hDg3AMIJneIFX68l6s96tj9nqilXcHMEcrM8fDrKcaw==</la texit><latexit sha1_base64="I+u8INZeg1jpvd65L9UmSsiYarc=">AAACD3icbVDLSsNAFL3xWesr6tJNsAiuSiKCLotuXFawD2himUwn7dCZSZyZFErIR7h3q7/gTtz6Cf6Bn+G0jWBbD1w4nHMv53LChFGlXffLWlldW9/YLG2Vt3d2 9/btg8OmilOJSQPHLJbtECnCqCANTTUj7UQSxENGWuHwZuK3RkQqGot7PU5IwFFf0IhipI3UtW1/gHTmhzx7zPOHfrnctStu1Z3CWSZeQSpQoN61v/1ejFNOhMYMKdXx3EQHGZKaYkbysp8qkiA8RH3SMVQgTlSQTT/PnVOj9JwolmaEdqbq34sMcaXGPDSbHOmBWvQm4n9eJ9XRVZBRkaSaCDwLilLm6NiZ1OD0qCRYs7EhCEtqfnXwAEmEtSlrLiXkvwGmGm+xiGXSPK96btW7u6jUrouSSnAMJ3AGHlxCDW6hDg3AMIJneIFX68l6s96tj9nqilXcHMEcrM8fDrKcaw==</la texit>
qg0
<latexit sha1_base64="jNE5CubfHwt5Cktr5eeYbFqSxys=">AAACCXicbVDLSgMxFL1TX7W+qi7dBIvgqsyI oMuiG5cV7AM6Y8mkmTY0yYxJRihDv8C9W/0Fd+LWr/AP/AzTdgTbeuDC4Zx7OZcTJpxp47pfTmFldW19o7hZ2tre2d0r7x80dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gqH1xO/9UiVZrG8M6OEBgL3JYsYwcZKvh+K7GHcde/7pVK3 XHGr7hRomXg5qUCOerf87fdikgoqDeFY647nJibIsDKMcDou+ammCSZD3KcdSyUWVAfZ9OcxOrFKD0WxsiMNmqp/LzIstB6J0G4KbAZ60ZuI/3md1ESXQcZkkhoqySwoSjkyMZoUgHpMUWL4yBJMFLO/IjLAChNja5pLCcVvgK3GWyxi mTTPqp5b9W7PK7WrvKQiHMExnIIHF1CDG6hDAwgk8Awv8Oo8OW/Ou/MxWy04+c0hzMH5/AGw6poQ</latexit><latexit sha1_base64="jNE5CubfHwt5Cktr5eeYbFqSxys=">AAACCXicbVDLSgMxFL1TX7W+qi7dBIvgqsyI oMuiG5cV7AM6Y8mkmTY0yYxJRihDv8C9W/0Fd+LWr/AP/AzTdgTbeuDC4Zx7OZcTJpxp47pfTmFldW19o7hZ2tre2d0r7x80dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gqH1xO/9UiVZrG8M6OEBgL3JYsYwcZKvh+K7GHcde/7pVK3 XHGr7hRomXg5qUCOerf87fdikgoqDeFY647nJibIsDKMcDou+ammCSZD3KcdSyUWVAfZ9OcxOrFKD0WxsiMNmqp/LzIstB6J0G4KbAZ60ZuI/3md1ESXQcZkkhoqySwoSjkyMZoUgHpMUWL4yBJMFLO/IjLAChNja5pLCcVvgK3GWyxi mTTPqp5b9W7PK7WrvKQiHMExnIIHF1CDG6hDAwgk8Awv8Oo8OW/Ou/MxWy04+c0hzMH5/AGw6poQ</latexit><latexit sha1_base64="jNE5CubfHwt5Cktr5eeYbFqSxys=">AAACCXicbVDLSgMxFL1TX7W+qi7dBIvgqsyI oMuiG5cV7AM6Y8mkmTY0yYxJRihDv8C9W/0Fd+LWr/AP/AzTdgTbeuDC4Zx7OZcTJpxp47pfTmFldW19o7hZ2tre2d0r7x80dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gqH1xO/9UiVZrG8M6OEBgL3JYsYwcZKvh+K7GHcde/7pVK3 XHGr7hRomXg5qUCOerf87fdikgoqDeFY647nJibIsDKMcDou+ammCSZD3KcdSyUWVAfZ9OcxOrFKD0WxsiMNmqp/LzIstB6J0G4KbAZ60ZuI/3md1ESXQcZkkhoqySwoSjkyMZoUgHpMUWL4yBJMFLO/IjLAChNja5pLCcVvgK3GWyxi mTTPqp5b9W7PK7WrvKQiHMExnIIHF1CDG6hDAwgk8Awv8Oo8OW/Ou/MxWy04+c0hzMH5/AGw6poQ</latexit><latexit sha1_base64="jNE5CubfHwt5Cktr5eeYbFqSxys=">AAACCXicbVDLSgMxFL1TX7W+qi7dBIvgqsyI oMuiG5cV7AM6Y8mkmTY0yYxJRihDv8C9W/0Fd+LWr/AP/AzTdgTbeuDC4Zx7OZcTJpxp47pfTmFldW19o7hZ2tre2d0r7x80dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gqH1xO/9UiVZrG8M6OEBgL3JYsYwcZKvh+K7GHcde/7pVK3 XHGr7hRomXg5qUCOerf87fdikgoqDeFY647nJibIsDKMcDou+ammCSZD3KcdSyUWVAfZ9OcxOrFKD0WxsiMNmqp/LzIstB6J0G4KbAZ60ZuI/3md1ESXQcZkkhoqySwoSjkyMZoUgHpMUWL4yBJMFLO/IjLAChNja5pLCcVvgK3GWyxi mTTPqp5b9W7PK7WrvKQiHMExnIIHF1CDG6hDAwgk8Awv8Oo8OW/Ou/MxWy04+c0hzMH5/AGw6poQ</latexit>
⌫4
<latexit sha1_base64="Q3M2xCha767eclz/jiudix/i3tM=">AAACBnicbVDLSgMxFL1TX3V8VV26CRbBVZmR gi6LblxWsA9ph5JJM21okhmSjFCG7t271V9wJ279Df/AzzBtR7CtBwKHc+7l3Jww4Uwbz/tyCmvrG5tbxW13Z3dv/6B0eNTUcaoIbZCYx6odYk05k7RhmOG0nSiKRchpKxzdTP3WI1WaxfLejBMaCDyQLGIEGys9dGXay6oT1+2Vyl7F mwGtEj8nZchR75W+u/2YpIJKQzjWuuN7iQkyrAwjnE7cbqppgskID2jHUokF1UE2O3iCzqzSR1Gs7JMGzdS/GxkWWo9FaCcFNkO97E3F/7xOaqKrIGMySQ2VZB4UpRyZGE1/j/pMUWL42BJMFLO3IjLEChNjO1pICcVvgK3GXy5ilTQv Kr5X8e+q5dp1XlIRTuAUzsGHS6jBLdShAQQEPMMLvDpPzpvz7nzMRwtOvnMMC3A+fwBrnJjU</latexit><latexit sha1_base64="Q3M2xCha767eclz/jiudix/i3tM=">AAACBnicbVDLSgMxFL1TX3V8VV26CRbBVZmR gi6LblxWsA9ph5JJM21okhmSjFCG7t271V9wJ279Df/AzzBtR7CtBwKHc+7l3Jww4Uwbz/tyCmvrG5tbxW13Z3dv/6B0eNTUcaoIbZCYx6odYk05k7RhmOG0nSiKRchpKxzdTP3WI1WaxfLejBMaCDyQLGIEGys9dGXay6oT1+2Vyl7F mwGtEj8nZchR75W+u/2YpIJKQzjWuuN7iQkyrAwjnE7cbqppgskID2jHUokF1UE2O3iCzqzSR1Gs7JMGzdS/GxkWWo9FaCcFNkO97E3F/7xOaqKrIGMySQ2VZB4UpRyZGE1/j/pMUWL42BJMFLO3IjLEChNjO1pICcVvgK3GXy5ilTQv Kr5X8e+q5dp1XlIRTuAUzsGHS6jBLdShAQQEPMMLvDpPzpvz7nzMRwtOvnMMC3A+fwBrnJjU</latexit><latexit sha1_base64="Q3M2xCha767eclz/jiudix/i3tM=">AAACBnicbVDLSgMxFL1TX3V8VV26CRbBVZmR gi6LblxWsA9ph5JJM21okhmSjFCG7t271V9wJ279Df/AzzBtR7CtBwKHc+7l3Jww4Uwbz/tyCmvrG5tbxW13Z3dv/6B0eNTUcaoIbZCYx6odYk05k7RhmOG0nSiKRchpKxzdTP3WI1WaxfLejBMaCDyQLGIEGys9dGXay6oT1+2Vyl7F mwGtEj8nZchR75W+u/2YpIJKQzjWuuN7iQkyrAwjnE7cbqppgskID2jHUokF1UE2O3iCzqzSR1Gs7JMGzdS/GxkWWo9FaCcFNkO97E3F/7xOaqKrIGMySQ2VZB4UpRyZGE1/j/pMUWL42BJMFLO3IjLEChNjO1pICcVvgK3GXy5ilTQv Kr5X8e+q5dp1XlIRTuAUzsGHS6jBLdShAQQEPMMLvDpPzpvz7nzMRwtOvnMMC3A+fwBrnJjU</latexit><latexit sha1_base64="Q3M2xCha767eclz/jiudix/i3tM=">AAACBnicbVDLSgMxFL1TX3V8VV26CRbBVZmR gi6LblxWsA9ph5JJM21okhmSjFCG7t271V9wJ279Df/AzzBtR7CtBwKHc+7l3Jww4Uwbz/tyCmvrG5tbxW13Z3dv/6B0eNTUcaoIbZCYx6odYk05k7RhmOG0nSiKRchpKxzdTP3WI1WaxfLejBMaCDyQLGIEGys9dGXay6oT1+2Vyl7F mwGtEj8nZchR75W+u/2YpIJKQzjWuuN7iQkyrAwjnE7cbqppgskID2jHUokF1UE2O3iCzqzSR1Gs7JMGzdS/GxkWWo9FaCcFNkO97E3F/7xOaqKrIGMySQ2VZB4UpRyZGE1/j/pMUWL42BJMFLO3IjLEChNjO1pICcVvgK3GXy5ilTQv Kr5X8e+q5dp1XlIRTuAUzsGHS6jBLdShAQQEPMMLvDpPzpvz7nzMRwtOvnMMC3A+fwBrnJjU</latexit>
⌫5a
<latexit sha1_base64="de9HIGnGrWFA9TTFGcIrF46luNU=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkR RZdFNy4r2Ae2Q8mkmTY0yQxJRihDP8C9W/0Fd+LWz/AP/AzTdgTbeiBwOOdezs0JE8608bwvp7Cyura+Udx0t7Z3dvdK+wcNHaeK0DqJeaxaIdaUM0nrhhlOW4miWIScNsPhzcRvPlKlWSzvzSihgcB9ySJGsLHSQ0em3ewCj123Wyp7 FW8KtEz8nJQhR61b+u70YpIKKg3hWOu27yUmyLAyjHA6djuppgkmQ9ynbUslFlQH2fTiMTqxSg9FsbJPGjRV/25kWGg9EqGdFNgM9KI3Ef/z2qmJroKMySQ1VJJZUJRyZGI0+T7qMUWJ4SNLMFHM3orIACtMjC1pLiUUvwG2Gn+xiGXS OKv4XsW/Oy9Xr/OSinAEx3AKPlxCFW6hBnUgIOEZXuDVeXLenHfnYzZacPKdQ5iD8/kDMR2ZQA==</latexit><latexit sha1_base64="de9HIGnGrWFA9TTFGcIrF46luNU=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkR RZdFNy4r2Ae2Q8mkmTY0yQxJRihDP8C9W/0Fd+LWz/AP/AzTdgTbeiBwOOdezs0JE8608bwvp7Cyura+Udx0t7Z3dvdK+wcNHaeK0DqJeaxaIdaUM0nrhhlOW4miWIScNsPhzcRvPlKlWSzvzSihgcB9ySJGsLHSQ0em3ewCj123Wyp7 FW8KtEz8nJQhR61b+u70YpIKKg3hWOu27yUmyLAyjHA6djuppgkmQ9ynbUslFlQH2fTiMTqxSg9FsbJPGjRV/25kWGg9EqGdFNgM9KI3Ef/z2qmJroKMySQ1VJJZUJRyZGI0+T7qMUWJ4SNLMFHM3orIACtMjC1pLiUUvwG2Gn+xiGXS OKv4XsW/Oy9Xr/OSinAEx3AKPlxCFW6hBnUgIOEZXuDVeXLenHfnYzZacPKdQ5iD8/kDMR2ZQA==</latexit><latexit sha1_base64="de9HIGnGrWFA9TTFGcIrF46luNU=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkR RZdFNy4r2Ae2Q8mkmTY0yQxJRihDP8C9W/0Fd+LWz/AP/AzTdgTbeiBwOOdezs0JE8608bwvp7Cyura+Udx0t7Z3dvdK+wcNHaeK0DqJeaxaIdaUM0nrhhlOW4miWIScNsPhzcRvPlKlWSzvzSihgcB9ySJGsLHSQ0em3ewCj123Wyp7 FW8KtEz8nJQhR61b+u70YpIKKg3hWOu27yUmyLAyjHA6djuppgkmQ9ynbUslFlQH2fTiMTqxSg9FsbJPGjRV/25kWGg9EqGdFNgM9KI3Ef/z2qmJroKMySQ1VJJZUJRyZGI0+T7qMUWJ4SNLMFHM3orIACtMjC1pLiUUvwG2Gn+xiGXS OKv4XsW/Oy9Xr/OSinAEx3AKPlxCFW6hBnUgIOEZXuDVeXLenHfnYzZacPKdQ5iD8/kDMR2ZQA==</latexit><latexit sha1_base64="de9HIGnGrWFA9TTFGcIrF46luNU=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkR RZdFNy4r2Ae2Q8mkmTY0yQxJRihDP8C9W/0Fd+LWz/AP/AzTdgTbeiBwOOdezs0JE8608bwvp7Cyura+Udx0t7Z3dvdK+wcNHaeK0DqJeaxaIdaUM0nrhhlOW4miWIScNsPhzcRvPlKlWSzvzSihgcB9ySJGsLHSQ0em3ewCj123Wyp7 FW8KtEz8nJQhR61b+u70YpIKKg3hWOu27yUmyLAyjHA6djuppgkmQ9ynbUslFlQH2fTiMTqxSg9FsbJPGjRV/25kWGg9EqGdFNgM9KI3Ef/z2qmJroKMySQ1VJJZUJRyZGI0+T7qMUWJ4SNLMFHM3orIACtMjC1pLiUUvwG2Gn+xiGXS OKv4XsW/Oy9Xr/OSinAEx3AKPlxCFW6hBnUgIOEZXuDVeXLenHfnYzZacPKdQ5iD8/kDMR2ZQA==</latexit>
⌫5b
<latexit sha1_base64="dx7YPV7LFbT0PgepDOWDsc7ujfY=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkR RZdFNy4r2Ae2Q8mkmTY0yQxJRihDP8C9W/0Fd+LWz/AP/AzTdgTbeiBwOOdezs0JE8608bwvp7Cyura+Udx0t7Z3dvdK+wcNHaeK0DqJeaxaIdaUM0nrhhlOW4miWIScNsPhzcRvPlKlWSzvzSihgcB9ySJGsLHSQ0em3ewiHLtut1T2 Kt4UaJn4OSlDjlq39N3pxSQVVBrCsdZt30tMkGFlGOF07HZSTRNMhrhP25ZKLKgOsunFY3RilR6KYmWfNGiq/t3IsNB6JEI7KbAZ6EVvIv7ntVMTXQUZk0lqqCSzoCjlyMRo8n3UY4oSw0eWYKKYvRWRAVaYGFvSXEoofgNsNf5iEcuk cVbxvYp/d16uXuclFeEIjuEUfLiEKtxCDepAQMIzvMCr8+S8Oe/Ox2y04OQ7hzAH5/MHMrqZQQ==</latexit><latexit sha1_base64="dx7YPV7LFbT0PgepDOWDsc7ujfY=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkR RZdFNy4r2Ae2Q8mkmTY0yQxJRihDP8C9W/0Fd+LWz/AP/AzTdgTbeiBwOOdezs0JE8608bwvp7Cyura+Udx0t7Z3dvdK+wcNHaeK0DqJeaxaIdaUM0nrhhlOW4miWIScNsPhzcRvPlKlWSzvzSihgcB9ySJGsLHSQ0em3ewiHLtut1T2 Kt4UaJn4OSlDjlq39N3pxSQVVBrCsdZt30tMkGFlGOF07HZSTRNMhrhP25ZKLKgOsunFY3RilR6KYmWfNGiq/t3IsNB6JEI7KbAZ6EVvIv7ntVMTXQUZk0lqqCSzoCjlyMRo8n3UY4oSw0eWYKKYvRWRAVaYGFvSXEoofgNsNf5iEcuk cVbxvYp/d16uXuclFeEIjuEUfLiEKtxCDepAQMIzvMCr8+S8Oe/Ox2y04OQ7hzAH5/MHMrqZQQ==</latexit><latexit sha1_base64="dx7YPV7LFbT0PgepDOWDsc7ujfY=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkR RZdFNy4r2Ae2Q8mkmTY0yQxJRihDP8C9W/0Fd+LWz/AP/AzTdgTbeiBwOOdezs0JE8608bwvp7Cyura+Udx0t7Z3dvdK+wcNHaeK0DqJeaxaIdaUM0nrhhlOW4miWIScNsPhzcRvPlKlWSzvzSihgcB9ySJGsLHSQ0em3ewiHLtut1T2 Kt4UaJn4OSlDjlq39N3pxSQVVBrCsdZt30tMkGFlGOF07HZSTRNMhrhP25ZKLKgOsunFY3RilR6KYmWfNGiq/t3IsNB6JEI7KbAZ6EVvIv7ntVMTXQUZk0lqqCSzoCjlyMRo8n3UY4oSw0eWYKKYvRWRAVaYGFvSXEoofgNsNf5iEcuk cVbxvYp/d16uXuclFeEIjuEUfLiEKtxCDepAQMIzvMCr8+S8Oe/Ox2y04OQ7hzAH5/MHMrqZQQ==</latexit><latexit sha1_base64="dx7YPV7LFbT0PgepDOWDsc7ujfY=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkR RZdFNy4r2Ae2Q8mkmTY0yQxJRihDP8C9W/0Fd+LWz/AP/AzTdgTbeiBwOOdezs0JE8608bwvp7Cyura+Udx0t7Z3dvdK+wcNHaeK0DqJeaxaIdaUM0nrhhlOW4miWIScNsPhzcRvPlKlWSzvzSihgcB9ySJGsLHSQ0em3ewiHLtut1T2 Kt4UaJn4OSlDjlq39N3pxSQVVBrCsdZt30tMkGFlGOF07HZSTRNMhrhP25ZKLKgOsunFY3RilR6KYmWfNGiq/t3IsNB6JEI7KbAZ6EVvIv7ntVMTXQUZk0lqqCSzoCjlyMRo8n3UY4oSw0eWYKKYvRWRAVaYGFvSXEoofgNsNf5iEcuk cVbxvYp/d16uXuclFeEIjuEUfLiEKtxCDepAQMIzvMCr8+S8Oe/Ox2y04OQ7hzAH5/MHMrqZQQ==</latexit>
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⌫3a
<latexit sha1_base64="lu/nlT/dz0w+8y13O1fA29HlKrs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU 0GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzU7sq0l13Saa9ccavuHGSV eDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOC11U40JZSM6wI6lkkao/Wx+75ScWaVPwljZkobM1d8TGY20nkSB7YyoGeplbyb+53VSE974GZdJalCyxaIwFcTEZPY86XOFzIiJJZQpbm8lbEgVZcZGVLIheMsvr5LmRdVzq97DVaV2 m8dRhBM4hXPw4BpqcA91aAADAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx8J1o/0</latexit><latexit sha1_base64="lu/nlT/dz0w+8y13O1fA29HlKrs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU 0GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzU7sq0l13Saa9ccavuHGSV eDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOC11U40JZSM6wI6lkkao/Wx+75ScWaVPwljZkobM1d8TGY20nkSB7YyoGeplbyb+53VSE974GZdJalCyxaIwFcTEZPY86XOFzIiJJZQpbm8lbEgVZcZGVLIheMsvr5LmRdVzq97DVaV2 m8dRhBM4hXPw4BpqcA91aAADAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx8J1o/0</latexit><latexit sha1_base64="lu/nlT/dz0w+8y13O1fA29HlKrs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU 0GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzU7sq0l13Saa9ccavuHGSV eDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOC11U40JZSM6wI6lkkao/Wx+75ScWaVPwljZkobM1d8TGY20nkSB7YyoGeplbyb+53VSE974GZdJalCyxaIwFcTEZPY86XOFzIiJJZQpbm8lbEgVZcZGVLIheMsvr5LmRdVzq97DVaV2 m8dRhBM4hXPw4BpqcA91aAADAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx8J1o/0</latexit><latexit sha1_base64="lu/nlT/dz0w+8y13O1fA29HlKrs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU 0GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzU7sq0l13Saa9ccavuHGSV eDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOC11U40JZSM6wI6lkkao/Wx+75ScWaVPwljZkobM1d8TGY20nkSB7YyoGeplbyb+53VSE974GZdJalCyxaIwFcTEZPY86XOFzIiJJZQpbm8lbEgVZcZGVLIheMsvr5LmRdVzq97DVaV2 m8dRhBM4hXPw4BpqcA91aAADAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx8J1o/0</latexit>
Lp
<latexit sha1_base64="PtVTSN8iXIjtAuZ5Q/SIf+S+lA0=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE 0GPRiwcPFewHtKFstpt26WY37m4KJeR3ePGgiFd/jDf/jZs2B219MPB4b4aZeUHMmTau++2U1tY3NrfK25Wd3b39g+rhUVvLRBHaIpJL1Q2wppwJ2jLMcNqNFcVRwGknmNzmfmdKlWZSPJpZTP0IjwQLGcHGSn7aJ5ij+2yQxlllUK25 dXcOtEq8gtSgQHNQ/eoPJUkiKgzhWOue58bGT7EyjHCaVfqJpjEmEzyiPUsFjqj20/nRGTqzyhCFUtkSBs3V3xMpjrSeRYHtjLAZ62UvF//zeokJr/2UiTgxVJDFojDhyEiUJ4CGTFFi+MwSTBSztyIyxgoTY3PKQ/CWX14l7Yu659a9 h8ta46aIowwncArn4MEVNOAOmtACAk/wDK/w5kydF+fd+Vi0lpxi5hj+wPn8AT5akb0=</latexit><latexit sha1_base64="PtVTSN8iXIjtAuZ5Q/SIf+S+lA0=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE 0GPRiwcPFewHtKFstpt26WY37m4KJeR3ePGgiFd/jDf/jZs2B219MPB4b4aZeUHMmTau++2U1tY3NrfK25Wd3b39g+rhUVvLRBHaIpJL1Q2wppwJ2jLMcNqNFcVRwGknmNzmfmdKlWZSPJpZTP0IjwQLGcHGSn7aJ5ij+2yQxlllUK25 dXcOtEq8gtSgQHNQ/eoPJUkiKgzhWOue58bGT7EyjHCaVfqJpjEmEzyiPUsFjqj20/nRGTqzyhCFUtkSBs3V3xMpjrSeRYHtjLAZ62UvF//zeokJr/2UiTgxVJDFojDhyEiUJ4CGTFFi+MwSTBSztyIyxgoTY3PKQ/CWX14l7Yu659a9 h8ta46aIowwncArn4MEVNOAOmtACAk/wDK/w5kydF+fd+Vi0lpxi5hj+wPn8AT5akb0=</latexit><latexit sha1_base64="PtVTSN8iXIjtAuZ5Q/SIf+S+lA0=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE 0GPRiwcPFewHtKFstpt26WY37m4KJeR3ePGgiFd/jDf/jZs2B219MPB4b4aZeUHMmTau++2U1tY3NrfK25Wd3b39g+rhUVvLRBHaIpJL1Q2wppwJ2jLMcNqNFcVRwGknmNzmfmdKlWZSPJpZTP0IjwQLGcHGSn7aJ5ij+2yQxlllUK25 dXcOtEq8gtSgQHNQ/eoPJUkiKgzhWOue58bGT7EyjHCaVfqJpjEmEzyiPUsFjqj20/nRGTqzyhCFUtkSBs3V3xMpjrSeRYHtjLAZ62UvF//zeokJr/2UiTgxVJDFojDhyEiUJ4CGTFFi+MwSTBSztyIyxgoTY3PKQ/CWX14l7Yu659a9 h8ta46aIowwncArn4MEVNOAOmtACAk/wDK/w5kydF+fd+Vi0lpxi5hj+wPn8AT5akb0=</latexit><latexit sha1_base64="PtVTSN8iXIjtAuZ5Q/SIf+S+lA0=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE 0GPRiwcPFewHtKFstpt26WY37m4KJeR3ePGgiFd/jDf/jZs2B219MPB4b4aZeUHMmTau++2U1tY3NrfK25Wd3b39g+rhUVvLRBHaIpJL1Q2wppwJ2jLMcNqNFcVRwGknmNzmfmdKlWZSPJpZTP0IjwQLGcHGSn7aJ5ij+2yQxlllUK25 dXcOtEq8gtSgQHNQ/eoPJUkiKgzhWOue58bGT7EyjHCaVfqJpjEmEzyiPUsFjqj20/nRGTqzyhCFUtkSBs3V3xMpjrSeRYHtjLAZ62UvF//zeokJr/2UiTgxVJDFojDhyEiUJ4CGTFFi+MwSTBSztyIyxgoTY3PKQ/CWX14l7Yu659a9 h8ta46aIowwncArn4MEVNOAOmtACAk/wDK/w5kydF+fd+Vi0lpxi5hj+wPn8AT5akb0=</latexit>
Ohm’s Law
Kirchoff’s Current Law
✓0
<latexit sha1_base64="aAV9sbV32bs14sq6euUNmtXC89Q=">AAACDnicbVDLSsNAFJ3UV42PRl26GSyCq5KI oMuiG5cVbCs0IUymk3boTBJmboQS+g/u3eovuBO3/oJ/4Gc4bSPY1gMXDufcy7mcKBNcg+t+WZW19Y3Nreq2vbO7t19zDg47Os0VZW2ailQ9REQzwRPWBg6CPWSKERkJ1o1GN1O/+8iU5mlyD+OMBZIMEh5zSsBIoVPzI1n4MGRAJqFr 26FTdxvuDHiVeCWpoxKt0Pn2+ynNJUuACqJ1z3MzCAqigFPBJrafa5YROiID1jM0IZLpoJg9PsGnRunjOFVmEsAz9e9FQaTWYxmZTUlgqJe9qfif18shvgoKnmQ5sITOg+JcYEjxtAXc54pREGNDCFXc/IrpkChCwXS1kBLJ3wBTjbdc xCrpnDc8t+HdXdSb12VJVXSMTtAZ8tAlaqJb1EJtRFGOntELerWerDfr3fqYr1as8uYILcD6/AGk65ub</latexit><latexit sha1_base64="aAV9sbV32bs14sq6euUNmtXC89Q=">AAACDnicbVDLSsNAFJ3UV42PRl26GSyCq5KI oMuiG5cVbCs0IUymk3boTBJmboQS+g/u3eovuBO3/oJ/4Gc4bSPY1gMXDufcy7mcKBNcg+t+WZW19Y3Nreq2vbO7t19zDg47Os0VZW2ailQ9REQzwRPWBg6CPWSKERkJ1o1GN1O/+8iU5mlyD+OMBZIMEh5zSsBIoVPzI1n4MGRAJqFr 26FTdxvuDHiVeCWpoxKt0Pn2+ynNJUuACqJ1z3MzCAqigFPBJrafa5YROiID1jM0IZLpoJg9PsGnRunjOFVmEsAz9e9FQaTWYxmZTUlgqJe9qfif18shvgoKnmQ5sITOg+JcYEjxtAXc54pREGNDCFXc/IrpkChCwXS1kBLJ3wBTjbdc xCrpnDc8t+HdXdSb12VJVXSMTtAZ8tAlaqJb1EJtRFGOntELerWerDfr3fqYr1as8uYILcD6/AGk65ub</latexit><latexit sha1_base64="aAV9sbV32bs14sq6euUNmtXC89Q=">AAACDnicbVDLSsNAFJ3UV42PRl26GSyCq5KI oMuiG5cVbCs0IUymk3boTBJmboQS+g/u3eovuBO3/oJ/4Gc4bSPY1gMXDufcy7mcKBNcg+t+WZW19Y3Nreq2vbO7t19zDg47Os0VZW2ailQ9REQzwRPWBg6CPWSKERkJ1o1GN1O/+8iU5mlyD+OMBZIMEh5zSsBIoVPzI1n4MGRAJqFr 26FTdxvuDHiVeCWpoxKt0Pn2+ynNJUuACqJ1z3MzCAqigFPBJrafa5YROiID1jM0IZLpoJg9PsGnRunjOFVmEsAz9e9FQaTWYxmZTUlgqJe9qfif18shvgoKnmQ5sITOg+JcYEjxtAXc54pREGNDCFXc/IrpkChCwXS1kBLJ3wBTjbdc xCrpnDc8t+HdXdSb12VJVXSMTtAZ8tAlaqJb1EJtRFGOntELerWerDfr3fqYr1as8uYILcD6/AGk65ub</latexit><latexit sha1_base64="aAV9sbV32bs14sq6euUNmtXC89Q=">AAACDnicbVDLSsNAFJ3UV42PRl26GSyCq5KI oMuiG5cVbCs0IUymk3boTBJmboQS+g/u3eovuBO3/oJ/4Gc4bSPY1gMXDufcy7mcKBNcg+t+WZW19Y3Nreq2vbO7t19zDg47Os0VZW2ailQ9REQzwRPWBg6CPWSKERkJ1o1GN1O/+8iU5mlyD+OMBZIMEh5zSsBIoVPzI1n4MGRAJqFr 26FTdxvuDHiVeCWpoxKt0Pn2+ynNJUuACqJ1z3MzCAqigFPBJrafa5YROiID1jM0IZLpoJg9PsGnRunjOFVmEsAz9e9FQaTWYxmZTUlgqJe9qfif18shvgoKnmQ5sITOg+JcYEjxtAXc54pREGNDCFXc/IrpkChCwXS1kBLJ3wBTjbdc xCrpnDc8t+HdXdSb12VJVXSMTtAZ8tAlaqJb1EJtRFGOntELerWerDfr3fqYr1as8uYILcD6/AGk65ub</latexit>
✓ˆ
<latexit sha1_base64="cdqnKEXSCs0RvXWWVhQ1H2GtBd8=">AAACEnicbVDLSsNAFJ3UV42vaJdugkVwVRIR dFl047KCbYUmlMl00gydScLMjRBC/sK9W/0Fd+LWH/AP/AynbQTbeuDC4Zx7OZcTpJwpcJwvo7a2vrG5Vd82d3b39g+sw6OeSjJJaJckPJEPAVaUs5h2gQGnD6mkWASc9oPJzdTvP1KpWBLfQ55SX+BxzEJGMGhpaDW8CEPhBaLwIKKA y9I0h1bTaTkz2KvErUgTVegMrW9vlJBM0BgIx0oNXCcFv8ASGOG0NL1M0RSTCR7TgaYxFlT5xez50j7VysgOE6knBnum/r0osFAqF4HeFBgitexNxf+8QQbhlV+wOM2AxmQeFGbchsSeNmGPmKQEeK4JJpLpX20SYYkJ6L4WUgLxG6Cr cZeLWCW985brtNy7i2b7uiqpjo7RCTpDLrpEbXSLOqiLCMrRM3pBr8aT8Wa8Gx/z1ZpR3TTQAozPH40ZncU=</latexit><latexit sha1_base64="cdqnKEXSCs0RvXWWVhQ1H2GtBd8=">AAACEnicbVDLSsNAFJ3UV42vaJdugkVwVRIR dFl047KCbYUmlMl00gydScLMjRBC/sK9W/0Fd+LWH/AP/AynbQTbeuDC4Zx7OZcTpJwpcJwvo7a2vrG5Vd82d3b39g+sw6OeSjJJaJckPJEPAVaUs5h2gQGnD6mkWASc9oPJzdTvP1KpWBLfQ55SX+BxzEJGMGhpaDW8CEPhBaLwIKKA y9I0h1bTaTkz2KvErUgTVegMrW9vlJBM0BgIx0oNXCcFv8ASGOG0NL1M0RSTCR7TgaYxFlT5xez50j7VysgOE6knBnum/r0osFAqF4HeFBgitexNxf+8QQbhlV+wOM2AxmQeFGbchsSeNmGPmKQEeK4JJpLpX20SYYkJ6L4WUgLxG6Cr cZeLWCW985brtNy7i2b7uiqpjo7RCTpDLrpEbXSLOqiLCMrRM3pBr8aT8Wa8Gx/z1ZpR3TTQAozPH40ZncU=</latexit><latexit sha1_base64="cdqnKEXSCs0RvXWWVhQ1H2GtBd8=">AAACEnicbVDLSsNAFJ3UV42vaJdugkVwVRIR dFl047KCbYUmlMl00gydScLMjRBC/sK9W/0Fd+LWH/AP/AynbQTbeuDC4Zx7OZcTpJwpcJwvo7a2vrG5Vd82d3b39g+sw6OeSjJJaJckPJEPAVaUs5h2gQGnD6mkWASc9oPJzdTvP1KpWBLfQ55SX+BxzEJGMGhpaDW8CEPhBaLwIKKA y9I0h1bTaTkz2KvErUgTVegMrW9vlJBM0BgIx0oNXCcFv8ASGOG0NL1M0RSTCR7TgaYxFlT5xez50j7VysgOE6knBnum/r0osFAqF4HeFBgitexNxf+8QQbhlV+wOM2AxmQeFGbchsSeNmGPmKQEeK4JJpLpX20SYYkJ6L4WUgLxG6Cr cZeLWCW985brtNy7i2b7uiqpjo7RCTpDLrpEbXSLOqiLCMrRM3pBr8aT8Wa8Gx/z1ZpR3TTQAozPH40ZncU=</latexit><latexit sha1_base64="cdqnKEXSCs0RvXWWVhQ1H2GtBd8=">AAACEnicbVDLSsNAFJ3UV42vaJdugkVwVRIR dFl047KCbYUmlMl00gydScLMjRBC/sK9W/0Fd+LWH/AP/AynbQTbeuDC4Zx7OZcTpJwpcJwvo7a2vrG5Vd82d3b39g+sw6OeSjJJaJckPJEPAVaUs5h2gQGnD6mkWASc9oPJzdTvP1KpWBLfQ55SX+BxzEJGMGhpaDW8CEPhBaLwIKKA y9I0h1bTaTkz2KvErUgTVegMrW9vlJBM0BgIx0oNXCcFv8ASGOG0NL1M0RSTCR7TgaYxFlT5xez50j7VysgOE6knBnum/r0osFAqF4HeFBgitexNxf+8QQbhlV+wOM2AxmQeFGbchsSeNmGPmKQEeK4JJpLpX20SYYkJ6L4WUgLxG6Cr cZeLWCW985brtNy7i2b7uiqpjo7RCTpDLrpEbXSLOqiLCMrRM3pBr8aT8Wa8Gx/z1ZpR3TTQAozPH40ZncU=</latexit>
⌫2b
<latexit sha1_base64="LFH5mW8sRdgvNWJI5SOewVKIRG4=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkp gi6LblxWsA9sh5JJM21okhmSjFCGfoB7t/oL7sStn+Ef+Bmm7Qi29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo+aOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWjm6nfeqRKs1jem3FCA4EHkkWMYGOlh65Me1k1nLhur1T2 Kt4MaJX4OSlDjnqv9N3txyQVVBrCsdYd30tMkGFlGOF04nZTTRNMRnhAO5ZKLKgOstnFE3RmlT6KYmWfNGim/t3IsNB6LEI7KbAZ6mVvKv7ndVITXQUZk0lqqCTzoCjlyMRo+n3UZ4oSw8eWYKKYvRWRIVaYGFvSQkoofgNsNf5yEauk Wa34XsW/uyjXrvOSinACp3AOPlxCDW6hDg0gIOEZXuDVeXLenHfnYz5acPKdY1iA8/kDLeCZPg==</latexit><latexit sha1_base64="LFH5mW8sRdgvNWJI5SOewVKIRG4=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkp gi6LblxWsA9sh5JJM21okhmSjFCGfoB7t/oL7sStn+Ef+Bmm7Qi29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo+aOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWjm6nfeqRKs1jem3FCA4EHkkWMYGOlh65Me1k1nLhur1T2 Kt4MaJX4OSlDjnqv9N3txyQVVBrCsdYd30tMkGFlGOF04nZTTRNMRnhAO5ZKLKgOstnFE3RmlT6KYmWfNGim/t3IsNB6LEI7KbAZ6mVvKv7ndVITXQUZk0lqqCTzoCjlyMRo+n3UZ4oSw8eWYKKYvRWRIVaYGFvSQkoofgNsNf5yEauk Wa34XsW/uyjXrvOSinACp3AOPlxCDW6hDg0gIOEZXuDVeXLenHfnYz5acPKdY1iA8/kDLeCZPg==</latexit><latexit sha1_base64="LFH5mW8sRdgvNWJI5SOewVKIRG4=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkp gi6LblxWsA9sh5JJM21okhmSjFCGfoB7t/oL7sStn+Ef+Bmm7Qi29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo+aOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWjm6nfeqRKs1jem3FCA4EHkkWMYGOlh65Me1k1nLhur1T2 Kt4MaJX4OSlDjnqv9N3txyQVVBrCsdYd30tMkGFlGOF04nZTTRNMRnhAO5ZKLKgOstnFE3RmlT6KYmWfNGim/t3IsNB6LEI7KbAZ6mVvKv7ndVITXQUZk0lqqCTzoCjlyMRo+n3UZ4oSw8eWYKKYvRWRIVaYGFvSQkoofgNsNf5yEauk Wa34XsW/uyjXrvOSinACp3AOPlxCDW6hDg0gIOEZXuDVeXLenHfnYz5acPKdY1iA8/kDLeCZPg==</latexit><latexit sha1_base64="LFH5mW8sRdgvNWJI5SOewVKIRG4=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkp gi6LblxWsA9sh5JJM21okhmSjFCGfoB7t/oL7sStn+Ef+Bmm7Qi29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo+aOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWjm6nfeqRKs1jem3FCA4EHkkWMYGOlh65Me1k1nLhur1T2 Kt4MaJX4OSlDjnqv9N3txyQVVBrCsdYd30tMkGFlGOF04nZTTRNMRnhAO5ZKLKgOstnFE3RmlT6KYmWfNGim/t3IsNB6LEI7KbAZ6mVvKv7ndVITXQUZk0lqqCTzoCjlyMRo+n3UZ4oSw8eWYKKYvRWRIVaYGFvSQkoofgNsNf5yEauk Wa34XsW/uyjXrvOSinACp3AOPlxCDW6hDg0gIOEZXuDVeXLenHfnYz5acPKdY1iA8/kDLeCZPg==</latexit>
L✓
<latexit sha1_base64="xQuHxAHrXKNrx5vqPNLiYidD378=">AAACEnicbVDLSsNAFJ3UV42vaJduBovgqiQi 6LLoxoWLCvYBbQiT6aQdOnkwcyOEkL9w71Z/wZ249Qf8Az/DaRvBth64cDjnXs7l+IngCmz7y6isrW9sblW3zZ3dvf0D6/Coo+JUUtamsYhlzyeKCR6xNnAQrJdIRkJfsK4/uZn63UcmFY+jB8gS5oZkFPGAUwJa8qxaPqBE4LvCywcw ZkAK0/Ssut2wZ8CrxClJHZVoedb3YBjTNGQRUEGU6jt2Am5OJHAqWGEOUsUSQidkxPqaRiRkys1nzxf4VCtDHMRSTwR4pv69yEmoVBb6ejMkMFbL3lT8z+unEFy5OY+SFFhE50FBKjDEeNoEHnLJKIhME0Il179iOiaSUNB9LaT44W+A rsZZLmKVdM4bjt1w7i/qzeuypCo6RifoDDnoEjXRLWqhNqIoQ8/oBb0aT8ab8W58zFcrRnlTQwswPn8A2fmdWA==</latexit><latexit sha1_base64="xQuHxAHrXKNrx5vqPNLiYidD378=">AAACEnicbVDLSsNAFJ3UV42vaJduBovgqiQi 6LLoxoWLCvYBbQiT6aQdOnkwcyOEkL9w71Z/wZ249Qf8Az/DaRvBth64cDjnXs7l+IngCmz7y6isrW9sblW3zZ3dvf0D6/Coo+JUUtamsYhlzyeKCR6xNnAQrJdIRkJfsK4/uZn63UcmFY+jB8gS5oZkFPGAUwJa8qxaPqBE4LvCywcw ZkAK0/Ssut2wZ8CrxClJHZVoedb3YBjTNGQRUEGU6jt2Am5OJHAqWGEOUsUSQidkxPqaRiRkys1nzxf4VCtDHMRSTwR4pv69yEmoVBb6ejMkMFbL3lT8z+unEFy5OY+SFFhE50FBKjDEeNoEHnLJKIhME0Il179iOiaSUNB9LaT44W+A rsZZLmKVdM4bjt1w7i/qzeuypCo6RifoDDnoEjXRLWqhNqIoQ8/oBb0aT8ab8W58zFcrRnlTQwswPn8A2fmdWA==</latexit><latexit sha1_base64="xQuHxAHrXKNrx5vqPNLiYidD378=">AAACEnicbVDLSsNAFJ3UV42vaJduBovgqiQi 6LLoxoWLCvYBbQiT6aQdOnkwcyOEkL9w71Z/wZ249Qf8Az/DaRvBth64cDjnXs7l+IngCmz7y6isrW9sblW3zZ3dvf0D6/Coo+JUUtamsYhlzyeKCR6xNnAQrJdIRkJfsK4/uZn63UcmFY+jB8gS5oZkFPGAUwJa8qxaPqBE4LvCywcw ZkAK0/Ssut2wZ8CrxClJHZVoedb3YBjTNGQRUEGU6jt2Am5OJHAqWGEOUsUSQidkxPqaRiRkys1nzxf4VCtDHMRSTwR4pv69yEmoVBb6ejMkMFbL3lT8z+unEFy5OY+SFFhE50FBKjDEeNoEHnLJKIhME0Il179iOiaSUNB9LaT44W+A rsZZLmKVdM4bjt1w7i/qzeuypCo6RifoDDnoEjXRLWqhNqIoQ8/oBb0aT8ab8W58zFcrRnlTQwswPn8A2fmdWA==</latexit><latexit sha1_base64="xQuHxAHrXKNrx5vqPNLiYidD378=">AAACEnicbVDLSsNAFJ3UV42vaJduBovgqiQi 6LLoxoWLCvYBbQiT6aQdOnkwcyOEkL9w71Z/wZ249Qf8Az/DaRvBth64cDjnXs7l+IngCmz7y6isrW9sblW3zZ3dvf0D6/Coo+JUUtamsYhlzyeKCR6xNnAQrJdIRkJfsK4/uZn63UcmFY+jB8gS5oZkFPGAUwJa8qxaPqBE4LvCywcw ZkAK0/Ssut2wZ8CrxClJHZVoedb3YBjTNGQRUEGU6jt2Am5OJHAqWGEOUsUSQidkxPqaRiRkys1nzxf4VCtDHMRSTwR4pv69yEmoVBb6ejMkMFbL3lT8z+unEFy5OY+SFFhE50FBKjDEeNoEHnLJKIhME0Il179iOiaSUNB9LaT44W+A rsZZLmKVdM4bjt1w7i/qzeuypCo6RifoDDnoEjXRLWqhNqIoQ8/oBb0aT8ab8W58zFcrRnlTQwswPn8A2fmdWA==</latexit>
v0
<latexit sha1_base64="VnZ5T6QjKawM7WktjcnTgK pAE9Q=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkRQZdFNy4r2Ae2Q8mkmTY0yQxJplCGfoB7t/oL7sStn+Ef +Bmm7Qi29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo8aOk4VoXUS81i1QqwpZ5LWDTOcthJFsQg5bYbD 26nfHFGlWSwfzDihgcB9ySJGsLHSYycU2WjS9Vy3Wyp7FW8GtEr8nJQhR61b+u70YpIKKg3hWOu27yUmyLAyjHA6 cTuppgkmQ9ynbUslFlQH2eziCTqzSg9FsbJPGjRT/25kWGg9FqGdFNgM9LI3Ff/z2qmJroOMySQ1VJJ5UJRyZGI0 /T7qMUWJ4WNLMFHM3orIACtMjC1pISUUvwG2Gn+5iFXSuKj4XsW/vyxXb/KSinACp3AOPlxBFe6gBnUgIOEZXuDV eXLenHfnYz5acPKdY1iA8/kDKyyZPA==</latexit><latexit sha1_base64="VnZ5T6QjKawM7WktjcnTgK pAE9Q=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkRQZdFNy4r2Ae2Q8mkmTY0yQxJplCGfoB7t/oL7sStn+Ef +Bmm7Qi29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo8aOk4VoXUS81i1QqwpZ5LWDTOcthJFsQg5bYbD 26nfHFGlWSwfzDihgcB9ySJGsLHSYycU2WjS9Vy3Wyp7FW8GtEr8nJQhR61b+u70YpIKKg3hWOu27yUmyLAyjHA6 cTuppgkmQ9ynbUslFlQH2eziCTqzSg9FsbJPGjRT/25kWGg9FqGdFNgM9LI3Ff/z2qmJroOMySQ1VJJ5UJRyZGI0 /T7qMUWJ4WNLMFHM3orIACtMjC1pISUUvwG2Gn+5iFXSuKj4XsW/vyxXb/KSinACp3AOPlxBFe6gBnUgIOEZXuDV eXLenHfnYz5acPKdY1iA8/kDKyyZPA==</latexit><latexit sha1_base64="VnZ5T6QjKawM7WktjcnTgK pAE9Q=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkRQZdFNy4r2Ae2Q8mkmTY0yQxJplCGfoB7t/oL7sStn+Ef +Bmm7Qi29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo8aOk4VoXUS81i1QqwpZ5LWDTOcthJFsQg5bYbD 26nfHFGlWSwfzDihgcB9ySJGsLHSYycU2WjS9Vy3Wyp7FW8GtEr8nJQhR61b+u70YpIKKg3hWOu27yUmyLAyjHA6 cTuppgkmQ9ynbUslFlQH2eziCTqzSg9FsbJPGjRT/25kWGg9FqGdFNgM9LI3Ff/z2qmJroOMySQ1VJJ5UJRyZGI0 /T7qMUWJ4WNLMFHM3orIACtMjC1pISUUvwG2Gn+5iFXSuKj4XsW/vyxXb/KSinACp3AOPlxBFe6gBnUgIOEZXuDV eXLenHfnYz5acPKdY1iA8/kDKyyZPA==</latexit><latexit sha1_base64="VnZ5T6QjKawM7WktjcnTgK pAE9Q=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkRQZdFNy4r2Ae2Q8mkmTY0yQxJplCGfoB7t/oL7sStn+Ef +Bmm7Qi29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo8aOk4VoXUS81i1QqwpZ5LWDTOcthJFsQg5bYbD 26nfHFGlWSwfzDihgcB9ySJGsLHSYycU2WjS9Vy3Wyp7FW8GtEr8nJQhR61b+u70YpIKKg3hWOu27yUmyLAyjHA6 cTuppgkmQ9ynbUslFlQH2eziCTqzSg9FsbJPGjRT/25kWGg9FqGdFNgM9LI3Ff/z2qmJroOMySQ1VJJ5UJRyZGI0 /T7qMUWJ4WNLMFHM3orIACtMjC1pISUUvwG2Gn+5iFXSuKj4XsW/vyxXb/KSinACp3AOPlxBFe6gBnUgIOEZXuDV eXLenHfnYz5acPKdY1iA8/kDKyyZPA==</latexit>
vˆ
<latexit sha1_base64="K0QTHJ00o/sGKATf/bV8mX 3+8Vg=">AAACC3icbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUATy2Q6aYfOTMLMpFBCPsG9W/0Fd+LWj/AP /AynbQTbeuDC4Zx7OZcTJowq7bpfVmltfWNzq7xt7+zu7R9UDo9aKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYej 26nfHhOpaCwe9CQhAUcDQSOKkTbSoz9EOvNDno3z3LZ7lapbc2dwVolXkCoUaPQq334/xiknQmOGlOp6bqKDDElN MSO57aeKJAiP0IB0DRWIExVks69z58wofSeKpRmhnZn69yJDXKkJD80mR3qolr2p+J/XTXV0HWRUJKkmAs+DopQ5 OnamFTh9KgnWbGIIwpKaXx08RBJhbYpaSAn5b4CpxlsuYpW0LmqeW/PuL6v1m6KkMpzAKZyDB1dQhztoQBMwSHiG F3i1nqw36936mK+WrOLmGBZgff4ACk6bZg==</latexit><latexit sha1_base64="K0QTHJ00o/sGKATf/bV8mX 3+8Vg=">AAACC3icbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUATy2Q6aYfOTMLMpFBCPsG9W/0Fd+LWj/AP /AynbQTbeuDC4Zx7OZcTJowq7bpfVmltfWNzq7xt7+zu7R9UDo9aKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYej 26nfHhOpaCwe9CQhAUcDQSOKkTbSoz9EOvNDno3z3LZ7lapbc2dwVolXkCoUaPQq334/xiknQmOGlOp6bqKDDElN MSO57aeKJAiP0IB0DRWIExVks69z58wofSeKpRmhnZn69yJDXKkJD80mR3qolr2p+J/XTXV0HWRUJKkmAs+DopQ5 OnamFTh9KgnWbGIIwpKaXx08RBJhbYpaSAn5b4CpxlsuYpW0LmqeW/PuL6v1m6KkMpzAKZyDB1dQhztoQBMwSHiG F3i1nqw36936mK+WrOLmGBZgff4ACk6bZg==</latexit><latexit sha1_base64="K0QTHJ00o/sGKATf/bV8mX 3+8Vg=">AAACC3icbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUATy2Q6aYfOTMLMpFBCPsG9W/0Fd+LWj/AP /AynbQTbeuDC4Zx7OZcTJowq7bpfVmltfWNzq7xt7+zu7R9UDo9aKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYej 26nfHhOpaCwe9CQhAUcDQSOKkTbSoz9EOvNDno3z3LZ7lapbc2dwVolXkCoUaPQq334/xiknQmOGlOp6bqKDDElN MSO57aeKJAiP0IB0DRWIExVks69z58wofSeKpRmhnZn69yJDXKkJD80mR3qolr2p+J/XTXV0HWRUJKkmAs+DopQ5 OnamFTh9KgnWbGIIwpKaXx08RBJhbYpaSAn5b4CpxlsuYpW0LmqeW/PuL6v1m6KkMpzAKZyDB1dQhztoQBMwSHiG F3i1nqw36936mK+WrOLmGBZgff4ACk6bZg==</latexit><latexit sha1_base64="K0QTHJ00o/sGKATf/bV8mX 3+8Vg=">AAACC3icbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUATy2Q6aYfOTMLMpFBCPsG9W/0Fd+LWj/AP /AynbQTbeuDC4Zx7OZcTJowq7bpfVmltfWNzq7xt7+zu7R9UDo9aKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYej 26nfHhOpaCwe9CQhAUcDQSOKkTbSoz9EOvNDno3z3LZ7lapbc2dwVolXkCoUaPQq334/xiknQmOGlOp6bqKDDElN MSO57aeKJAiP0IB0DRWIExVks69z58wofSeKpRmhnZn69yJDXKkJD80mR3qolr2p+J/XTXV0HWRUJKkmAs+DopQ5 OnamFTh9KgnWbGIIwpKaXx08RBJhbYpaSAn5b4CpxlsuYpW0LmqeW/PuL6v1m6KkMpzAKZyDB1dQhztoQBMwSHiG F3i1nqw36936mK+WrOLmGBZgff4ACk6bZg==</latexit>
Lv
<latexit sha1_base64="Um6kNkdRlBS2AYTWE8BUd5 2jNcc=">AAACCXicbVDLSgMxFL1TX3V8VV26CRbBVZkRQZdFNy5cVLAPaIeSSTNtaJIZkkyhDP0C9271F9yJW7/C P/AzTNsRbOuBC4dz7uVcTphwpo3nfTmFtfWNza3itruzu7d/UDo8aug4VYTWScxj1QqxppxJWjfMcNpKFMUi5LQZ Dm+nfnNElWaxfDTjhAYC9yWLGMHGSp2sQzBH95PuyHW7pbJX8WZAq8TPSRly1Lql704vJqmg0hCOtW77XmKCDCvD CKcTt5NqmmAyxH3atlRiQXWQzX6eoDOr9FAUKzvSoJn69yLDQuuxCO2mwGagl72p+J/XTk10HWRMJqmhksyDopQj E6NpAajHFCWGjy3BRDH7KyIDrDAxtqaFlFD8Bthq/OUiVknjouJ7Ff/hsly9yUsqwgmcwjn4cAVVuIMa1IFAAs/w Aq/Ok/PmvDsf89WCk98cwwKczx93cJnt</latexit><latexit sha1_base64="Um6kNkdRlBS2AYTWE8BUd5 2jNcc=">AAACCXicbVDLSgMxFL1TX3V8VV26CRbBVZkRQZdFNy5cVLAPaIeSSTNtaJIZkkyhDP0C9271F9yJW7/C P/AzTNsRbOuBC4dz7uVcTphwpo3nfTmFtfWNza3itruzu7d/UDo8aug4VYTWScxj1QqxppxJWjfMcNpKFMUi5LQZ Dm+nfnNElWaxfDTjhAYC9yWLGMHGSp2sQzBH95PuyHW7pbJX8WZAq8TPSRly1Lql704vJqmg0hCOtW77XmKCDCvD CKcTt5NqmmAyxH3atlRiQXWQzX6eoDOr9FAUKzvSoJn69yLDQuuxCO2mwGagl72p+J/XTk10HWRMJqmhksyDopQj E6NpAajHFCWGjy3BRDH7KyIDrDAxtqaFlFD8Bthq/OUiVknjouJ7Ff/hsly9yUsqwgmcwjn4cAVVuIMa1IFAAs/w Aq/Ok/PmvDsf89WCk98cwwKczx93cJnt</latexit><latexit sha1_base64="Um6kNkdRlBS2AYTWE8BUd5 2jNcc=">AAACCXicbVDLSgMxFL1TX3V8VV26CRbBVZkRQZdFNy5cVLAPaIeSSTNtaJIZkkyhDP0C9271F9yJW7/C P/AzTNsRbOuBC4dz7uVcTphwpo3nfTmFtfWNza3itruzu7d/UDo8aug4VYTWScxj1QqxppxJWjfMcNpKFMUi5LQZ Dm+nfnNElWaxfDTjhAYC9yWLGMHGSp2sQzBH95PuyHW7pbJX8WZAq8TPSRly1Lql704vJqmg0hCOtW77XmKCDCvD CKcTt5NqmmAyxH3atlRiQXWQzX6eoDOr9FAUKzvSoJn69yLDQuuxCO2mwGagl72p+J/XTk10HWRMJqmhksyDopQj E6NpAajHFCWGjy3BRDH7KyIDrDAxtqaFlFD8Bthq/OUiVknjouJ7Ff/hsly9yUsqwgmcwjn4cAVVuIMa1IFAAs/w Aq/Ok/PmvDsf89WCk98cwwKczx93cJnt</latexit><latexit sha1_base64="Um6kNkdRlBS2AYTWE8BUd5 2jNcc=">AAACCXicbVDLSgMxFL1TX3V8VV26CRbBVZkRQZdFNy5cVLAPaIeSSTNtaJIZkkyhDP0C9271F9yJW7/C P/AzTNsRbOuBC4dz7uVcTphwpo3nfTmFtfWNza3itruzu7d/UDo8aug4VYTWScxj1QqxppxJWjfMcNpKFMUi5LQZ Dm+nfnNElWaxfDTjhAYC9yWLGMHGSp2sQzBH95PuyHW7pbJX8WZAq8TPSRly1Lql704vJqmg0hCOtW77XmKCDCvD CKcTt5NqmmAyxH3atlRiQXWQzX6eoDOr9FAUKzvSoJn69yLDQuuxCO2mwGagl72p+J/XTk10HWRMJqmhksyDopQj E6NpAajHFCWGjy3BRDH7KyIDrDAxtqaFlFD8Bthq/OUiVknjouJ7Ff/hsly9yUsqwgmcwjn4cAVVuIMa1IFAAs/w Aq/Ok/PmvDsf89WCk98cwwKczx93cJnt</latexit>
⌫2a
<latexit sha1_base64="n9L9yRWUM0VPMBq3PNyAo2BJ /W0=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkpgi6LblxWsA9sh5JJM21okhmSjFCGfoB7t/oL7sStn+Ef+Bmm7Q i29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo+aOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWjm6nfeqRKs1 jem3FCA4EHkkWMYGOlh65Me1kVT1y3Vyp7FW8GtEr8nJQhR71X+u72Y5IKKg3hWOuO7yUmyLAyjHA6cbuppgkmIzygHU slFlQH2eziCTqzSh9FsbJPGjRT/25kWGg9FqGdFNgM9bI3Ff/zOqmJroKMySQ1VJJ5UJRyZGI0/T7qM0WJ4WNLMFHM3o rIECtMjC1pISUUvwG2Gn+5iFXSrFZ8r+LfXZRr13lJRTiBUzgHHy6hBrdQhwYQkPAML/DqPDlvzrvzMR8tOPnOMSzA+f wBLEOZPQ==</latexit><latexit sha1_base64="n9L9yRWUM0VPMBq3PNyAo2BJ /W0=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkpgi6LblxWsA9sh5JJM21okhmSjFCGfoB7t/oL7sStn+Ef+Bmm7Q i29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo+aOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWjm6nfeqRKs1 jem3FCA4EHkkWMYGOlh65Me1kVT1y3Vyp7FW8GtEr8nJQhR71X+u72Y5IKKg3hWOuO7yUmyLAyjHA6cbuppgkmIzygHU slFlQH2eziCTqzSh9FsbJPGjRT/25kWGg9FqGdFNgM9bI3Ff/zOqmJroKMySQ1VJJ5UJRyZGI0/T7qM0WJ4WNLMFHM3o rIECtMjC1pISUUvwG2Gn+5iFXSrFZ8r+LfXZRr13lJRTiBUzgHHy6hBrdQhwYQkPAML/DqPDlvzrvzMR8tOPnOMSzA+f wBLEOZPQ==</latexit><latexit sha1_base64="n9L9yRWUM0VPMBq3PNyAo2BJ /W0=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkpgi6LblxWsA9sh5JJM21okhmSjFCGfoB7t/oL7sStn+Ef+Bmm7Q i29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo+aOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWjm6nfeqRKs1 jem3FCA4EHkkWMYGOlh65Me1kVT1y3Vyp7FW8GtEr8nJQhR71X+u72Y5IKKg3hWOuO7yUmyLAyjHA6cbuppgkmIzygHU slFlQH2eziCTqzSh9FsbJPGjRT/25kWGg9FqGdFNgM9bI3Ff/zOqmJroKMySQ1VJJ5UJRyZGI0/T7qM0WJ4WNLMFHM3o rIECtMjC1pISUUvwG2Gn+5iFXSrFZ8r+LfXZRr13lJRTiBUzgHHy6hBrdQhwYQkPAML/DqPDlvzrvzMR8tOPnOMSzA+f wBLEOZPQ==</latexit><latexit sha1_base64="n9L9yRWUM0VPMBq3PNyAo2BJ /W0=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkpgi6LblxWsA9sh5JJM21okhmSjFCGfoB7t/oL7sStn+Ef+Bmm7Q i29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo+aOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWjm6nfeqRKs1 jem3FCA4EHkkWMYGOlh65Me1kVT1y3Vyp7FW8GtEr8nJQhR71X+u72Y5IKKg3hWOuO7yUmyLAyjHA6cbuppgkmIzygHU slFlQH2eziCTqzSh9FsbJPGjRT/25kWGg9FqGdFNgM9bI3Ff/zOqmJroKMySQ1VJJ5UJRyZGI0/T7qM0WJ4WNLMFHM3o rIECtMjC1pISUUvwG2Gn+5iFXSrFZ8r+LfXZRr13lJRTiBUzgHHy6hBrdQhwYQkPAML/DqPDlvzrvzMR8tOPnOMSzA+f wBLEOZPQ==</latexit>
(pd, qd)
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(pd0, q
d
0)
<latexit sha1_base64=" Cnh29+Vs6LAMSU0McT64I7yRlfs=">AAACF3icbZDLSs NAFIYn9VbrLepGcDNYhApSEhF0WXTjsoK9QBvDZDJph8 4kcWYilFDfw71bfQV34talb+BjOEkj2OqBgY//nMN/5v diRqWyrE+jtLC4tLxSXq2srW9sbpnbO20ZJQKTFo5YJL oekoTRkLQUVYx0Y0EQ9xjpeKPLrN+5J0LSKLxR45g4HA 1CGlCMlJZcc6/W93gaT2591zqGGd/lfOSaVatu5QX/gl 1AFRTVdM2vvh/hhJNQYYak7NlWrJwUCUUxI5NKP5EkRn iEBqSnMUScSCfNfzCBh1rxYRAJ/UIFc/X3Roq4lGPu6U mO1FDO9zLxv14vUcG5k9IwThQJ8dQoSBhUEczigD4VBC s21oCwoPpWiIdIIKx0aDMuHv8x0NHY80H8hfZJ3bbq9v VptXFRhFQG++AA1IANzkADXIEmaAEMHsATeAYvxqPxar wZ79PRklHs7IKZMj6+AUSZnyM=</latexit><latexit sha1_base64=" Cnh29+Vs6LAMSU0McT64I7yRlfs=">AAACF3icbZDLSs NAFIYn9VbrLepGcDNYhApSEhF0WXTjsoK9QBvDZDJph8 4kcWYilFDfw71bfQV34talb+BjOEkj2OqBgY//nMN/5v diRqWyrE+jtLC4tLxSXq2srW9sbpnbO20ZJQKTFo5YJL oekoTRkLQUVYx0Y0EQ9xjpeKPLrN+5J0LSKLxR45g4HA 1CGlCMlJZcc6/W93gaT2591zqGGd/lfOSaVatu5QX/gl 1AFRTVdM2vvh/hhJNQYYak7NlWrJwUCUUxI5NKP5EkRn iEBqSnMUScSCfNfzCBh1rxYRAJ/UIFc/X3Roq4lGPu6U mO1FDO9zLxv14vUcG5k9IwThQJ8dQoSBhUEczigD4VBC s21oCwoPpWiIdIIKx0aDMuHv8x0NHY80H8hfZJ3bbq9v VptXFRhFQG++AA1IANzkADXIEmaAEMHsATeAYvxqPxar wZ79PRklHs7IKZMj6+AUSZnyM=</latexit><latexit sha1_base64=" Cnh29+Vs6LAMSU0McT64I7yRlfs=">AAACF3icbZDLSs NAFIYn9VbrLepGcDNYhApSEhF0WXTjsoK9QBvDZDJph8 4kcWYilFDfw71bfQV34talb+BjOEkj2OqBgY//nMN/5v diRqWyrE+jtLC4tLxSXq2srW9sbpnbO20ZJQKTFo5YJL oekoTRkLQUVYx0Y0EQ9xjpeKPLrN+5J0LSKLxR45g4HA 1CGlCMlJZcc6/W93gaT2591zqGGd/lfOSaVatu5QX/gl 1AFRTVdM2vvh/hhJNQYYak7NlWrJwUCUUxI5NKP5EkRn iEBqSnMUScSCfNfzCBh1rxYRAJ/UIFc/X3Roq4lGPu6U mO1FDO9zLxv14vUcG5k9IwThQJ8dQoSBhUEczigD4VBC s21oCwoPpWiIdIIKx0aDMuHv8x0NHY80H8hfZJ3bbq9v VptXFRhFQG++AA1IANzkADXIEmaAEMHsATeAYvxqPxar wZ79PRklHs7IKZMj6+AUSZnyM=</latexit><latexit sha1_base64=" Cnh29+Vs6LAMSU0McT64I7yRlfs=">AAACF3icbZDLSs NAFIYn9VbrLepGcDNYhApSEhF0WXTjsoK9QBvDZDJph8 4kcWYilFDfw71bfQV34talb+BjOEkj2OqBgY//nMN/5v diRqWyrE+jtLC4tLxSXq2srW9sbpnbO20ZJQKTFo5YJL oekoTRkLQUVYx0Y0EQ9xjpeKPLrN+5J0LSKLxR45g4HA 1CGlCMlJZcc6/W93gaT2591zqGGd/lfOSaVatu5QX/gl 1AFRTVdM2vvh/hhJNQYYak7NlWrJwUCUUxI5NKP5EkRn iEBqSnMUScSCfNfzCBh1rxYRAJ/UIFc/X3Roq4lGPu6U mO1FDO9zLxv14vUcG5k9IwThQJ8dQoSBhUEczigD4VBC s21oCwoPpWiIdIIKx0aDMuHv8x0NHY80H8hfZJ3bbq9v VptXFRhFQG++AA1IANzkADXIEmaAEMHsATeAYvxqPxar wZ79PRklHs7IKZMj6+AUSZnyM=</latexit>
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Figure 1: The OPF-DNN Model: Each layer is fully connected with ReLU activation. White boxes correspond to input tensors,
dark, colored, boxes correspond to output layers. Loss components and violation degrees are shown as white rectangles.
σ6bpqˆgi , 9qdi , q˜f q “
ÿ
pijqPE
q˜fij ´ pqˆgi ´ 9qdi q @i P N
where σL2a and σ
R
2a correspond to Constraints (2a) and cap-
ture the distance of the predictions vˆi from exceeding the
voltage bounds. The functions σL2b and σ
R
2b correspond to
Constraints (2¯b) and express how much the difference be-
tween two voltage angles exceeds the bound. Similarly, σL3a,
σR3a, and σ
L
3b, σ
R
3b, relate to Constraints (3¯a) and (3b), respec-
tively, and describe the distance of the predicted generator
active and reactive dispatch from their bounds. Function σ4
corresponds to Constraints (4¯) and captures the distance of
the power flow on line pijq from its bound. Therein, p˜fij and
q˜fij are, respectively, the active and reactive power flow for
line pijq P E . Notice that p˜fij and q˜fij are not predicted di-
rectly, as an output of the DNN. Instead, they are computed
using the predicted quantities vˆi, vˆj , θˆi, and θˆj according to
Constraints (5¯a) and (5b). The quantities pfij and q
f
ij corre-
spond to the ground truths values. Functions σ5a and σ5b
measure the deviation of the predicted flow (based on the
other predicted quantities) to the ground truth values accord-
ing to the Ohm’s Law (Constraints (5a) and (5b)). Finally,
the functions σ6a and σ6b relate to the Kirchhoff Current
Law (Constraints (6¯a) and (6b)) and express the violation of
flow conservation at a bus.
The violation degrees associated to the satisfiability de-
gree above are defined as follows:
ν2apvˆq “ 1
n
ÿ
iPN
´
νěc
`
σL2apvˆiq
˘` νěc `σR2apvˆiq˘¯
ν2bpθˆq “ 1
e
ÿ
pijqPE
´
νěc
`
σL2bpθˆijq
˘` νěc `σR2bpθˆijq˘¯
ν3appˆq “ 1
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ÿ
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σL3appˆiq
˘` νěc `σR3appˆiq˘¯
ν3bpqˆq “ 1
n
ÿ
iPN
´
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`
σL3bpqˆiq
˘` νěc `σR3bpqˆiq˘¯
ν4pp˜f, q˜f q “ 1
e
ÿ
pijqPE
νěc
`
σ4pp˜fij , q˜fijq
˘
ν5app˜f,pf q “ 1
e
ÿ
pijqPE
ν“c
`
σ5app˜fij , pfijq
˘
ν5bpq˜f, qf q “ 1
e
ÿ
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`
σ5apq˜fij , qfijq
˘
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e
ÿ
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˘
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e
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`
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˘
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where n and e denote the number of buses and transmission
lines, respectively. These functions capture the average de-
viation by which the prediction violates the associated con-
straint. The violations degrees define penalties that will be
used to enrich the DNN loss function to encourage their sat-
isfaction. Prior describing the DNN objective, we introduce
a further extension that exploits yet another aspect of the
structure of the OPF.
Exploiting Existing Solutions
The solving of an OPF (or a load flow) rarely happens in
a cold-start: OPFs are typically solved in the context of an
existing operating point and/or with the availability of solu-
tions to similar instances (hot-start). As a result, the learning
task can exploit this existing configuration, which is called
the hot-start state in this paper. The hot-start state is a tuple
s0 “
`
pd0, q
d
0 ,p
g
0, q
g
0 ,v0,θ0
˘
, describing the load, the gen-
eration, and the voltages that are solutions to a related OPF.
The learning can then use a new, enriched, training dataset,
defined as follows:
D“
!`
p
x1hkkkkkkkkkkkkkkkkkikkkkkkkkkkkkkkkkkj
pd0, q
d
0 ,p
g
0, q
g
0 ,v0,θ0,p
d, qdq1,
y1hkkkkkkikkkkkkj
ppg, qg,v,θq1˘, . . . ,`ppd0, qd0 ,pg0, qg0 ,v0,θ0,pd, qdlooooooooooooooooomooooooooooooooooon
xN
qN , ppg, qg,v,θloooooomoooooon
yN
qN˘).
The elements x` PR8n are vectors describing the hot-start
state s0 (e.g., the configuration in the previous timestep) and
the current loads ppd, qdq. The elements y` P R4n are vec-
tors describing the optimal generator and voltage settings
for input data x`. The collection of the elements tx`uN`“1 is
denoted by X and the elements ty`uN`“1 by Y . The goal re-
main that of learning a mapping Oˆ. Note that, despite some
proximity of loads in subsequent states, the OPF non linear-
ities often cause severe variations in the operational param-
eters outputs. Therefore, as confirmed by our experimental
results, the learning mechanism cannot rely exclusively on
the information encoded in the hot-start state.
Objective
It is now possible to define the final loss function used to
train the OPF-DNN. First, the loss is augmented to con-
sider the predictions of voltage phase angles and the reactive
power of generators, since these are required to compute the
violation degrees associated with the OPF constraints. The
resulting loss function Lopy, yˆq is:
}v ´ vˆ}loomoon
Lvpy,yˆq
2 ` }θ ´ θˆ}loomoon
Lθpy,yˆq
2 ` }pg ´ pˆg}loooomoooon
Lppy,yˆq
2 ` }qg ´ qˆg}loooomoooon
Lqpy,yˆq
2. (9)
It minimizes the mean squared error between the optimal
voltage and generator settings y and the predicted ones yˆ.
Moreover, the objective function includes the Lagrangian
relaxation based on the OPF physical and engineering con-
straints violation degrees. Given the set C of OPF con-
straints, the associated loss is captured by the expression
Lcpx, yˆq “
ÿ
cPC
λcνcpx, yˆq.
The model loss function sums these two terms, i.e.,
Lpx,y, yˆq “ Lopy, yˆq ` Lcpx, yˆq.
The Network Architecture
The network architecture is outlined in Figure 1. The in-
put layers on the left process the tensor of loads ppd0, qd0q
of the hot-start state s0 and the input loads ppd, qdq. The
network has 4 basic units, each following a decoder-encoder
structure and composed by a number of fully connected lay-
ers with ReLU activations. Each subnetwork predicts a tar-
get variable: voltage magnitudes vˆ, phase angles θˆ, active
power generations pˆg , and reactive power generations qˆg .
Each sub-network takes as input the corresponding tensor
in the hot-start state s0 (e.g., the sub-network responsible
for predicting the voltage magnitude vˆ takes as input v0),
as well as the last hidden layer of its input subnetwork, that
processes the load tensors.
The predictions for the voltage magnitude vˆ and angle θˆ
are used to compute the load flows pp˜f , q˜fq, as illustrated on
the bottom of the Figure. The components of the losses are
highlighted in the white boxes and a full description of the
network architecture is provided in the Appendix.
Lagrangian Duality
Let Oˆrws be the resulting OPF-DNN with weightsw and let
Lrλs be the loss function parametrized by the Lagrangian
multipliers λ “ tλcucPC . The training aims at finding the
Algorithm 1: Learning Step
input: pX ,Yq : Training data
α, ρ : Optimizer and Lagrangian step sizes, reps.
1 λ0 Ð 0 @c P C
2 for epoch k “ 0, 1, . . . do
3 foreach px,yqÐminibatchpX ,Yq of size b do
4 yˆ Ð Oˆrwspxq
5 Lopyˆ,yq Ð 1b
ř
`Prbs Lvpy`, yˆ`q ` Lθpy`, yˆ`q`
Lppy`, yˆ`q ` Lqpy`, yˆ`q
6 Lcpx, yˆq Ð 1b
ř
`Prbs
ř
cPC λkcνcpx`, yˆ`q
7 ω Ð ω ´ α∇ωpLopyˆ,yq ` Lcpx, yˆqq
8 foreach c P C do
9 λk`1c Ð λk ` ρνcpx, yˆq
weights w that minimize the loss function for a given set of
Lagrangian multipliers, i.e., it computes
LRpλq “ min
w
Lrλspx,y, Oˆrwspxqq.
It remains to determine appropriate Lagrangian multipliers.
This paper proposes the use of Lagrangian duality to obtain
the optimal Lagrangian multipliers when training the OPF-
DNN, i.e., it solves
LD “ max
λ
LRpλq.
The Lagrangian dual is solved through a subgradient method
that computes a sequence of multipliers λ1, . . . ,λk, . . . by
solving a sequence of trainings LRpλ0q, . . . ,LRpλk´1q, . . .
and adjusting the multipliers using the violations, i.e.,
wk`1 “ argmin
w
Lrλkspx,y, Oˆrwkspxqq (L1)
λk`1 “
´
λkc ` ρ νcpx, Oˆrwk`1spxqq | c P C
¯
. (L2)
In the implementation, step (L1) is approximated using a
Stochastic Gradient Descent (SGD) method. Importantly,
this step does not recomputes the training from scratch but
uses a hot start for the weights w.
The overall training scheme is presented in Algorithm 1.
It takes as input the training dataset pX ,Yq, the optimizer
step size α ą 0 and the Lagrangian step size ρ ą 0. The
Lagrangian multipliers are initialized in line 1. The training
is performed for a fixed number of epochs, and each epoch
optimizes the weights using a minibatch of size b. After pre-
dicting the voltage and generation power quantities (line 4),
the objective and constraint losses are computed (lines 5 and
6). The latter uses the Lagrangian multipliers λk associated
with current epoch k. The model weights are updated in line
7. Finally, after each epoch, the Lagrangian multipliers are
updated following step (L2) described above (lines 8 and 9).
Experiments
This section evaluates the predictive accuracy of OPF-DNN
and compares it to the AC model and its linear DC approxi-
mation. It also analyzes various design decisions in detail.
∆1% p
d ∆2% p
d ∆3% p
d
Test Case |N | |E | l g |pX ,Yq| p%q MW p%q MW p%q MW
14 ieee 14 40 11 2 395806 2.05 5.3 2.59 6.7 3.15 8.2
30 ieee 30 82 21 2 273506 2.47 7.0 2.94 8.3 3.36 9.5
39 epri 39 92 21 10 287390 2.49 156.3 2.94 183.9 3.42 213.9
57 ieee 57 160 42 4 269140 2.65 33.2 3.19 39.9 3.67 45.9
73 ieee rts 73 240 51 73 373142 2.72 233.2 3.28 281.2 3.80 324.9
89 pegase 89 420 35 12 338132 2.50 204.0 3.06 250.1 3.53 288.0
118 ieee 118 372 99 19 395806 3.03 128.6 3.50 148.8 3.98 169.1
162 ieee dtc 162 568 113 12 237812 3.10 296.5 3.54 337.9 4.04 385.9
189 edin 189 412 41 35 69342 2.85 39.1 3.27 44.8 3.72 50.9
300 ieee 300 822 201 57 235732 3.25 775.9 3.78 902.8 4.22 1007.0
Table 1: The Power Networks Adopted as Benchmarks.
Data sets The experiments examine the proposed models
on a variety of mid-sized power networks from the NESTA
library (Coffrin, Gordon, and Scott 2014). The ground truth
data are constructed as follows: For each network, different
benchmarks are generated by altering the amount of nomi-
nal load x “ ppd, qdq within a range of ˘20%. The loads
are thus sampled from the distributions x1 “ ppd1, qd1q „
Uniformp0.8x, 1.2xq. Notice that the resulting benchmarks
have load demands that vary by a factor of up to 20% of their
nominal values: Many of them become congested and sig-
nificantly harder computationally than their original coun-
terparts. A network value that constitutes a dataset entry
px1,y1q is a feasible OPF solution obtained by solving the
AC-OPF problem detailed in Model 1.
When the learning step exploits an existing hot-start state
s0, the training test cases have the property that the total
active loads }pd0}1 in s0 are within 1, 2, and 3% of the
total active loads }pd}1. Note that, while the aggregated
loads follow this restriction, the individual loads may have
greater variations. Those are illustrated in Table 1 for the
1% (∆1%pd), 2% (∆2%pd) and 3% (∆3%pd) cases, where
the average variations are expressed both in percentage of
the total load and in absolute values (MWs). As can be seen,
the variations are significant. The table also describes the
dataset sizes, including the number of buses |N | and trans-
mission lines |E | of the networks. The column titled l and g
denote, respectively, the number of load and generator buses
of the networks. The data are normalized using the per unit
(pu) system so that all quantities are close to 1. The exper-
iments use a 80{20 train-test split and report results on the
test set.
Settings The experiments examine the OPF-DNN models
whose features are summarized in Table 2. MB refers to the
baseline model: It minimizes the loss function Lo described
in Equation (8). MC exploits the problem constraints and
minimizes the loss: Lo ` řcPC λcνc, with Lo defined in
Equation (9) and all λc set to 1. The suffix S is used for
the models that exploit a hot-start state, andD is used for the
model that exploit the Lagrangian dual scheme. In particular,
MDC extends MC by learning the Lagrangian multipliers λc
using the Lagrangian dual scheme described in Algorithm 1.
MCS uses the same loss function as MC, but it adopts the
architecture outlined in Figure 1. MLCS sets the Lagrangian
Model MB MC MDC MCS MLCS MDCS
Exploit Constraints l Xl Xl Xl Xl Xl
Exploit hot-start State l l l Xl Xl Xl
Train Lagrangian weights l l l l Xl l
Lagrangian Dual update l l Xl l l Xl
Table 2: The DNN Models Adopted.
weights as trainable parameters and learns them during the
training cycle. Finally, MDCS extends MCS by learning the
Lagrangian multipliers λc using the Lagrangian dual scheme
(see Algorithm 1). The latter model is also denoted with
OPF-DNN in the paper. The details of the models architec-
tures and loss functions are provided in the appendix. All the
models that exploit a hot-start state are trained over datasets
using states differing by at most 1%. The section also reports
a comparison of the DNN-OPF model trained over hot-start
state datasets using states differing by at most 1, 2, and 3%.
The models were implemented using the Julia package
PowerModels.jl (Coffrin et al. 2018) with the nonlinear
solver IPOPT (Wa¨chter and Biegler 2006) for solving the
nonlinear AC model and its the DC approximation. The
DDN models were implemented using PyTorch (Paszke et
al. 2017) with Python 3.0. The training was performed us-
ing NVidia Tesla V100 GPUs and and 2GHz Intel Cores.
The AC and DC-OPF models were solved using the same
CPU cores. Training each network requires less than 2GB
of RAM. The training uses the Adam optimizer with learn-
ing rate (α“ 0.001) and β values p0.9, 0.999q and was per-
formed for 80 epochs using batch sizes b “ 64. Finally, the
Lagrangian step size ρ is set to 0.01.
Prediction Errors
This section first analyzes the prediction error of the DNN
models. Table 3 reports the average L1 distance between the
predicted generator active pˆg and reactive qˆg power, voltage
magnitude vˆ and angles θˆ and the original quantities. It also
reports the errors of the predicted flows p˜f (which use the
generator power and voltage predictions) and are important
to assess the fidelity of the predictions. The distances are
reported in percentage: }xˆ´x}1}x}1 ˆ 100, for quantity x, and
best results are highlighted in bold. For completeness, the
results report an extended version of model MB, that allow
Test case Model pˆg qˆg vˆ θˆ p˜f Test case Model pˆg qˆg vˆ θˆ p˜f
14 ieee
MB 5.7820 11.004 0.7310 1.4050 1.9070
89 pegase
MB 0.2516 0.2250 90.689 37.176 3133.4
MC 6.1396 11.315 1.2790 1.4100 0.4640 MC 0.3589 0.2320 77.295 7.9760 42.962
MDC 5.5698 7.1120 6.0682 0.0500 0.4970 MDC 0.3549 0.3361 2.8380 17.921 24.529
MCS 0.2756 0.6980 0.1180 0.1480 0.1050 MCS 0.1074 0.0860 9.4168 0.8240 6.4130
MLCS 0.2703 0.7450 0.1860 0.0760 0.1690 MLCS 0.1014 0.0830 10.199 0.9120 9.3560
MDCS 0.0234 0.0470 0.0050 0.0070 0.0530 MDCS 0.0797 0.0770 0.0862 0.0530 5.0160
30 ieee
MB 3.3465 2.0270 14.699 4.3400 27.213
118 ieee
MB 0.2150 2.9910 7.1520 4.2600 38.863
MC 3.1289 1.3380 2.7346 1.5930 1.6820 MC 0.1810 3.2570 6.9150 4.6520 6.4730
MDC 3.1230 1.1096 0.1596 0.2590 2.3000 MDC 0.1787 1.0840 10.002 0.2160 2.8100
MCS 0.3052 0.1104 0.3130 0.0580 0.2030 MCS 0.0380 0.6900 0.1170 1.2750 0.6640
MLCS 0.2900 0.3200 0.3120 0.0600 0.1600 MLCS 0.0380 0.6870 0.1380 1.2750 0.6100
MDCS 0.0055 0.0320 0.0070 0.0041 0.0620 MDCS 0.0340 0.6180 0.0290 0.2070 0.4550
39 epri
MB 0.2299 1.2600 98.726 58.135 202.67
162 ieee
MB 0.2310 1.2070 9.1810 5.4800 82.076
MC 0.2180 1.2790 17.104 2.5940 80.064 MC 0.2820 1.6120 7.1210 5.3620 14.706
MDC 0.2216 1.2610 2.7346 4.0730 41.395 MDC 0.2772 0.9873 6.8359 1.1950 15.456
MCS 0.0559 0.1080 2.2350 0.2880 1.8360 MCS 0.0750 0.3760 0.1760 0.3720 0.7520
MLCS 0.0533 0.1440 2.2010 0.2040 2.2000 MLCS 0.0750 0.3690 0.1750 0.3950 0.6750
MDCS 0.0024 0.0720 0.0280 0.0100 1.2660 MDCS 0.0710 0.2440 0.0770 0.3660 0.4920
57 ieee
MB 2.3255 1.6380 5.1002 1.5680 14.386
189 edin
MB 0.4979 0.1160 42.295 5.2970 4371.1
MC 2.2658 1.4850 3.5402 2.0890 2.8850 MC 0.5748 0.0890 18.577 3.9640 24.918
MDC 2.2708 1.5138 9.5861 0.0680 1.6170 MDC 0.4081 0.0711 7.3091 3.2220 15.774
MCS 0.1308 0.3320 0.2150 0.0430 0.2410 MCS 0.1178 0.0190 1.9913 0.7040 3.8470
MLCS 0.1340 0.3300 0.2110 0.0360 0.2280 MLCS 0.1178 0.0180 2.4300 0.4960 3.5810
MDCS 0.0170 0.0231 0.0150 0.0080 0.1520 MDCS 0.0907 0.0110 0.0982 0.3330 1.6520
73 ieee
MB 0.2184 0.0380 18.414 5.0550 106.08
300 ieee
MB 0.0838 0.0900 28.025 12.137 125.47
MC 0.0783 0.0360 2.8074 1.2500 7.8630 MC 0.0914 0.0860 14.727 7.7450 34.133
MDC 0.0775 0.5302 2.7038 0.3880 6.2980 MDC 0.0529 0.0491 11.096 7.3830 27.554
MCS 0.0061 0.0160 0.2192 0.1190 0.4890 MCS 0.0174 0.0240 3.1130 7.2330 26.905
MLCS 0.0063 0.0150 0.3156 0.1260 0.4160 MLCS 0.0139 0.0240 0.2180 4.6480 2.0180
MDCS 0.0050 0.0101 0.0235 0.1180 0.3300 MDCS 0.0126 0.0190 0.0610 2.5670 1.1360
Table 3: Prediction Errors (%).
us to predict quantities θ and qd. The latter were obtained
by extending MB network using two additional layers, Out-
θ and Out-qg for, respectively, predicting the voltage angles
and the reactive generator power, analogously to those in
model MC. Additionally, its loss function was extended as:
Lopy, yˆq “ }v ´ vˆ}2 ` }θ ´ θˆ}2
` }pg ´ pˆg}2 ` }qg ´ qˆg}2.
The prediction errors for quantities pg and v did not degrade
in this extended version with respect to those predicted by
the simple MB network.
A clear trend appears: The prediction errors decrease with
the increasing of the model complexity. In particular, model
MC, which exploits the problem constraints, predicts much
better voltage quantities and power flows than MB. The use
of the Lagrangian Duals, in modelMCS, further improve the
predictions, especially those associated to the voltage mag-
nitude and angles and power flows.MCS, which exploits the
problem constraints and a hot-start state, improves MC pre-
dictions by one order of magnitude in most of the cases. Fi-
nally, the use of the Lagrangian dual to find the best weights
(MDCS) further improves MCS predictions by up to an addi-
tional order of magnitude.
Figure 2 and 3 further illustrate the importance of model-
ing the problem constraints and exploiting a hot-start state.
The figures illustrate the prediction errors on the operational
parameters v and pg , as well as on the angle magnitude θ
and the power flows pf , at the varying of the load demands
in the power networks (from -20% to 20% of the aggregated
nominal load values). The reason for the differences in the
x-axis range in the various networks, is due to that, the in-
creased load values may produce congested scenarios that
cannot be accommodated. The plots are in log-10 scale and
clearly indicate that the models exploiting the problem struc-
ture better generalize to the different network settings.
Load Flow Analysis
Having assessed the predictive capabilities of OPF-DNN,
the next results focus on evaluating its practicality by sim-
ulating the prediction results in an operational environment.
The idea is to measure how much the predictions need to be
adjusted in order to satisfy the operational and physical con-
straints. The experiments perform a load flow (Model 2) on
the predicted pˆg and vˆ values. In addition to comparing the
DNN model variants, the results also report the deviations of
the linear DC model from an AC-feasible solution. The DC
model is widely used in power system industry. The results
also reports the performance of a baseline load flow model
LFS that finds a feasible solution using the hot-start state
s0 as reference point in its objective function. These results
highlight the value of learning in OPF-DNN: The reference
point alone is not sufficient to find high quality solutions.
The results are tabulated in Table 4. The left table reports
the L1 distances, in percentage, of the predictions pˆg and vˆ
to the solutions pg and v of the load flows. Trends similar
to the previous section are observed, with MDCS being sub-
stantially more accurate than all other DNN versions. The
table also shows that MDCS is up to two orders of magnitude
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Figure 2: Prediction Errors (%) at the varying of the nominal network loads.
more precise than the DC model. The right table reports the
L1 distances of the load flow solutions to the optimal AC-
OPF solutions. The results follow a similar trend, with the
OPF-DNN model (MDCS) being at least one order of magni-
tude more precise than the DC model and the baseline LFS
model. The bottom rows of the table show the average re-
sults over all the power network adopted in the experimental
analysis. Note that the very high accuracy of OPF-DNN may
render the use of a load flow optimization, to restore feasibil-
ity, unnecessary. These results are significant: They suggest
that OPF-DNN has the potential to replace the DC model as
an AC-OPF approximation and deliver generator setpoints
with greater fidelity.
Solution Quality and Runtime
The next results compare the accuracy and runtime of the
proposed DNN models, the DC approximation, and the load
flow baseline LFS , against the optimal AC-OPF solutions.
The solution quality is measured by first finding the closest
AC feasible solution to the predictions returned by the DC
or by the DNN models. Then, the cost of the dispatches are
compared to the original ones. Table 5 reports the average
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Figure 3: Prediction Errors (%) at the varying of the nominal network loads.
L1-distances of the dispatch costs. The last row reports the
average distances across all the test cases. The analysis of
the DNN variants exhibits the same trends as before, with the
networks progressively improving the results as they exploit
the problem constraints (MC), a hot-start state (MCS), and
use the Lagrangian dual (MDCS).
Table 6 illustrates the average time required to find an AC
OPF solution, the AC load flow with a reference solution, a
linear DC approximation, and a prediction using OPF-DNN
(MDCS) on the test dataset. Recall that the dataset adopted
uses a load stress value of up to 20% of the nominal loads
and hence the test cases are often much more challenging
than their original counterparts. The last row of the table re-
ports the average speedup of the models compared to the AC
OPF. Observe that OPF-DNN finds dispatches whose costs
are at least one order of magnitude closer to the AC solution
than those returned by the DC approximation, while being
several order of magnitude faster.
Hot-Start Robustness Analysis
Finally, the last results analyze the robustness of the DNN-
OPF model when trained using test cases whose hot-start
states differ from the input state by 1%, 2%, and 3% in the
total active loads.
Test case DC MB MC MDC MCS MLCS MDCS DC LFS MB MC MDC MCS MLCS MDCS
14 ieee p
g 2.4020 5.7048 6.0474 5.5056 0.2131 0.2052 0.0233 0.1359 4.3518 1.1061 0.8154 0.8314 0.2649 0.2571 0.0003
v 1.8352 0.9174 0.8636 0.3169 0.0937 0.0944 0.0017 3.0365 0.3450 0.3075 0.7808 0.6916 0.1516 0.2170 0.0018
30 ieee p
g 2.6972 2.0793 1.9688 1.7344 0.1815 0.1320 0.0007 0.1907 13.504 2.1353 1.8268 1.5523 0.2735 0.2853 0.0058
v 1.2929 83.138 0.4309 0.2869 0.0944 0.0728 0.0037 3.4931 0.4829 6.2996 2.7458 0.2270 0.4299 0.4168 0.0086
39 epri p
g 0.0731 0.2067 0.1700 0.0857 0.0516 0.0488 0.0005 0.2163 2.1260 0.1350 0.1467 0.1160 0.0140 0.0155 0.0023
v 1.1086 95.944 4.2008 22.921 0.3273 0.3131 0.0222 1.7251 0.8573 6.8089 3.1999 6.7880 2.3860 2.3476 0.0313
57 ieee p
g 0.3354 0.9733 0.7507 0.8837 0.1166 0.1165 0.0076 0.0112 4.7722 1.2882 1.2378 1.4518 0.1710 0.1752 0.0206
v 0.9091 4.0504 2.5770 0.4038 0.1771 0.1650 0.0384 0.2825 1.2243 1.5682 1.1176 0.4724 0.2772 0.2626 0.0482
73 ieee rts p
g 0.0204 0.2078 0.0482 0.0214 0.0054 0.0053 0.0053 0.0304 5.2103 0.1144 0.0543 0.0239 0.0081 0.0082 0.0077
v 0.1528 14.074 0.1995 0.4470 0.0611 0.0599 0.0337 4.1537 0.1496 4.8500 2.8951 0.2525 0.2488 0.3433 0.0516
89 pegase p
g 0.1641 0.1440 0.2228 0.2166 0.0420 0.0443 0.0486 3.0662 7.3622 0.1834 0.2524 0.2623 0.0900 0.1035 0.0827
v 3.8584 86.795 73.506 56.519 5.6660 6.4734 1.2492 1.1776 0.6913 4.1315 4.0437 4.0373 3.9890 3.9410 1.2610
118 ieee p
g 0.2011 0.1071 0.0359 0.0216 0.0043 0.0056 0.0038 0.5865 3.8034 0.1353 0.1557 0.1050 0.0372 0.0391 0.0368
v 1.9971 3.4391 0.8995 0.0791 0.0956 0.0920 0.0866 2.2780 0.9772 4.5972 6.0326 0.4303 0.1599 0.1768 0.1335
162 ieee dtc p
g 0.6727 0.1054 0.0673 0.1442 0.0587 0.0571 0.0558 0.6917 17.873 0.1648 0.2389 0.1575 0.0977 0.0981 0.0954
v 3.7718 3.6372 6.7930 4.2568 0.3276 0.3202 0.2565 0.5820 1.4595 0.4378 0.6922 0.5824 0.2846 0.2906 0.2921
189 edin p
g 1.0514 0.2694 0.3742 0.1915 0.0951 0.0966 0.0438 0.9891 3.9627 0.3669 0.5026 0.3999 0.1194 0.1202 0.0869
v 5.5054 39.188 3.5797 10.661 1.6986 2.4568 0.1041 0.4561 0.4525 1.8800 1.3474 1.6144 0.3469 0.4621 0.0882
300 ieee p
g 0.1336 0.0447 0.0339 0.0241 0.0091 0.0096 0.0084 0.1717 14.813 0.0644 0.0766 0.0476 0.0204 0.0205 0.0175
v 3.8526 31.698 10.292 4.0253 0.2383 2.2161 0.1994 0.6854 1.5737 2.9985 2.1296 2.3136 1.1553 0.2539 0.2196
Total Avg. (%) p
g 0.7751 0.9843 0.9719 0.8829 0.0777 0.0721 0.0198 0.6090 0.8214 0.5694 0.5307 0.4948 0.1096 0.1123 0.0356
v 2.4284 36.2881 10.3342 9.9916 0.8780 1.2264 0.1995 1.7870 0.9818 3.3879 2.4985 1.7409 0.9429 0.8712 0.2136
Table 4: Average distances (%) for the active power (top rows) and voltage magnitude (bottom rows) of the Load Flow solutions
w.r.t. the corresponding predictions (left table) and w.r.t. the AC-OPF solutions (right table).
Test Case DC LFS MB MC MCS MDCS
14 ieee 5.1792 4.5246 0.7562 0.6290 0.2614 0.0007
30 ieee 7.9894 8.2411 2.9447 2.1316 0.5433 0.0180
39 epri 0.9094 2.2869 0.1901 0.0752 0.0537 0.0003
57 ieee 1.7758 3.8445 1.1115 1.0609 0.2025 0.0527
73 ieee rts 2.6846 1.4581 9.4364 3.2399 0.5143 0.4586
89 pegase 1.5089 2.6287 0.3284 0.3274 0.3347 0.1494
118 ieee 4.7455 1.0389 1.0973 1.1897 0.5300 0.5408
162 ieee dtc 6.2090 4.2094 0.5021 0.8360 0.3162 0.2845
189 edin 9.9803 7.5561 5.3851 2.7770 0.7135 0.3177
300 ieee 4.7508 6.6394 1.9543 1.1576 0.3233 0.3011
Total Avg. (%) 4.5733 4.2428 2.3706 1.3424 0.3793 0.2124
Table 5: Load Flow vs. AC-OPF cost distances (%).
Test Case AC LFS DC OPF-DNN
14 ieee 0.0332 0.0430 0.0075 0.0000
30 ieee 0.1023 0.0755 0.0148 0.0000
39 epri 0.2169 0.0968 0.0232 0.0000
57 ieee 0.3288 0.1394 0.0359 0.0000
73 ieee rts 0.3081 0.2979 0.0496 0.0000
89 pegase 1.4503 0.6014 0.0601 0.0000
118 ieee 0.4207 0.7819 0.0785 0.0001
162 ieee dtc 1.8909 0.7393 0.2016 0.0000
189 edin 4.0081 0.4490 0.0865 0.0001
300 ieee 8.0645 1.4850 0.2662 0.0001
Avg speedup 1x 2.76x 15.2x ą104x
Table 6: Average runtime in seconds.
Table 7 reports the average L1 distances (in percentage)
between the predicted generator power pˆg , voltage magni-
tude vˆ, voltage angles θˆ and the original quantities. It also
reports the errors of the predicted flows p˜f which use the
generator power and voltage predictions. Table 8 illustrates
the load flow results. The left table reports the L1 distances,
in percentage, of the predictions pˆg , and vˆ, to the solu-
tions pg , and v of the load flows. The right table reports
the L1 distances of the load flow solutions to the optimal
AC-OPF solutions. Finally, Table 9 compares the accuracy
of the OPF-DNN models and the DC approximation against
the optimal AC OPF solutions.
Observe that DNN-OPF is insensitive, in general, to the
different hot-start datasets adopted during its training. These
results are significant as they indicate that the DNN-OPF
predictions may be robust to different hot-start range accu-
racies, such as those that may arise in networks with high
penetration of renewable energy sources.
Related Work
Within the energy research landscape, DNN architectures
have mainly been adopted to predict exogenous factors af-
fecting renewable resources, such as solar or wind. For in-
stance, Anwar et al. 2016 uses a DNN-based system to pre-
dict wind speed and adopt the predictions to schedule gen-
eration units ahead of the trading period, and Boukelia et
al. 2017 studied a DDN framework to predict the electricity
costs of solar power plants coupled with a fuel backup sys-
tem and energy storage. Chatziagorakis et al. (2016) studied
the control of hybrid renewable energy systems, using recur-
rent neural networks to forecast weather conditions.
Another power system area in which DNNs have been
adopted is that of security assessment: Ince et al. (2016)
proposed a convolutional neural network (CNN) model for
real-time power system fault classification to detect faulted
power system voltage signals. Arteaga et al. (2019) proposed
a convolutional neural network to identify safe vs. unsafe
operating points to reduce the risks of a blackout. Donnot et
al. (2019) use a ResNet architecture to predict the effect of
interventions that reconnect disconnected transmission lines
in a power network.
In terms of OPF prediction, the literature is much sparser.
The most relevant work uses a DNN architecture to learn the
set of active constraints (e.g., those that, if removed, would
improve the value of the objective function) at optimality in
the linear DC model (Ng et al. 2018; Deka and Misra 2019).
Test case Dataset pˆg vˆ θˆ p˜f Test case Dataset pˆg vˆ θˆ p˜f
14 ieee
∆1% p
d 0.0234 0.0050 0.0070 0.0530
89 pegase
∆1% p
d 0.0797 0.0862 0.0530 5.0160
∆2% p
d 0.0530 0.0090 0.0160 0.0800 ∆2% pd 0.1380 0.1330 0.1630 5.7420
∆3% p
d 0.0760 0.0070 0.0200 0.0880 ∆3% pd 0.0690 0.1140 0.2480 5.3680
30 ieee
∆1% p
d 0.0055 0.0070 0.0041 0.0620
118 ieee
∆1% p
d 0.0340 0.0290 0.2070 0.4550
∆2% p
d 0.0480 0.0140 0.0170 0.0990 ∆2% pd 0.0360 0.1450 0.1120 0.4390
∆3% p
d 0.0030 0.0160 0.0080 0.2120 ∆3% pd 0.0070 0.0210 0.0590 0.3030
39 epri
∆1% p
d 0.0024 0.0280 0.0100 1.2660
162 ieee
∆1% p
d 0.0710 0.0770 0.3660 0.4920
∆2% p
d 0.0140 0.0110 0.0130 0.9400 ∆2% pd 0.0700 0.2040 0.2640 0.6610
∆3% p
d 0.0140 0.0130 0.0160 1.5100 ∆3% pd 0.0680 0.3660 0.2400 0.6500
57 ieee
∆1% p
d 0.0170 0.0150 0.0080 0.1520
189 edin
∆1% p
d 0.0907 0.0982 0.3330 1.6520
∆2% p
d 0.0001 0.0150 0.0080 0.3870 ∆2% pd 0.0150 0.2960 0.0690 2.6160
∆3% p
d 0.0410 0.0290 0.0090 0.1890 ∆3% pd 0.0780 0.4040 0.1480 1.9180
73 ieee
∆1% p
d 0.0050 0.0235 0.1180 0.3300
300 ieee
∆1% p
d 0.0126 0.0610 2.5670 1.1360
∆2% p
d 0.0050 0.0235 0.1180 0.3300 ∆2% pd 0.0220 0.1810 0.8110 1.6890
∆3% p
d 0.0010 0.0150 0.0170 0.2670 ∆3% pd 0.0260 0.2270 0.9980 1.9300
Table 7: OPF-DNN hot-start robustness analysis: Prediction errors (%).
Test case DC MDCS DC MDCS
Dataset ∆1% pd ∆2% pd ∆3% pd ∆1% pd ∆2% pd ∆3% pd
14 ieee p
g 2.4020 0.0233 0.0534 0.0764 0.1359 0.0003 0.0000 0.0000
v 1.8352 0.0017 0.0113 0.0034 3.0365 0.0018 0.0005 0.0005
30 ieee p
g 2.6972 0.0007 0.0461 0.0019 0.1907 0.0058 0.0060 0.0030
v 1.2929 0.0037 0.0055 0.0019 3.4931 0.0086 0.0037 0.0126
39 epri p
g 0.0731 0.0005 0.0140 0.0105 0.2163 0.0023 0.0039 0.0089
v 1.1086 0.0222 0.0100 0.0686 1.7251 0.0313 0.0039 0.0776
57 ieee p
g 0.3354 0.0076 0.0136 0.0410 0.0112 0.0206 0.0000 0.0000
v 0.9091 0.0384 0.0031 0.0222 0.2825 0.0482 0.0145 0.0219
73 ieee rts p
g 0.0204 0.0053 0.0003 0.0010 0.0304 0.0077 0.0005 0.0014
v 0.1528 0.0337 0.0024 0.0063 4.1537 0.0516 0.0169 0.0208
89 pegase p
g 0.1641 0.0486 0.1275 0.0551 3.0662 0.0827 0.1820 0.0870
v 3.8584 1.2492 0.9275 0.2549 1.1776 1.2610 1.0323 0.1774
118 ieee p
g 0.2011 0.0038 0.0189 0.0010 0.5865 0.0368 0.0393 0.0068
v 1.9971 0.0866 0.0642 0.0050 2.2780 0.1335 0.1637 0.0200
162 ieee dtc p
g 0.6727 0.0558 0.0661 0.0630 0.6917 0.0954 0.0682 0.0479
v 3.7718 0.2565 0.4336 0.6034 0.5820 0.2921 0.3724 0.4342
189 edin p
g 1.0514 0.0438 0.0107 0.0183 0.9891 0.0869 0.0206 0.0887
v 5.5054 0.1041 0.1623 0.1337 0.4561 0.0882 0.1699 0.3075
300 ieee p
g 0.1336 0.0084 0.0121 0.0124 0.1717 0.0175 0.0209 0.0247
v 3.8526 0.1994 0.1623 0.2507 0.6854 0.2196 0.0991 0.1575
Total Avg. (%) p
g 0.7751 0.0198 0.0363 0.0281 0.6090 0.0356 0.0341 0.0268
v 2.4284 0.1996 0.1782 0.1350 1.7870 0.2136 0.1877 0.1230
Table 8: Sensitivity analysis of the average errors for the active power (top rows) and voltage magnitude (bottom rows) of the
load flow solutions w.r.t. the corresponding DC solution or DNN predictions (left table) and w.r.t. the AC-OPF solutions (right
table), at varying of the distance between the loads in the previous state s0 and the current load observation.
Once the set of relevant active constraints are identified, ex-
ploiting the fact that the DC OPF is a linear program, one
can run an exhaustive search to find a solution that satisfies
the active constraints. While this strategy is efficient when
the number of active constraints is small, its computational
efficiently decreases drastically when its number increases
due to the combinatoric nature of the problem. Additionally,
this strategy applies only to the linear DC approximation.
This work departs from these proposals and predicts the
optimal setpoints for the network generators and bus volt-
ages in the AC-OPF setting. Crucially, the presented model
actively exploits the OPF constraints during training, pro-
ducing reliable results that significantly outperform classi-
cal model approximations (e.g., DC-OPF). This work also
provides a compelling alternative to real-time OPF track-
ing (Tang, Dvijotham, and Low 2017; Liu et al. 2018): OPF-
DNN always converges instantly with very high accuracy
and can be applied to a wider class of applications.
Conclusions
The paper studied a DNN approach for predicting the gener-
ators setpoint in optimal power flows. The AC-OPF problem
is a non-convex non-linear optimization problem that is sub-
ject to a set of constraints dictated by the physics of power
networks and engineering practices. The proposed OPF-
DNN model exploits the problem constraints using a La-
grangian dual method as well as a related hot-start state. The
resulting model was tested on several power network test
cases of varying sizes in terms of prediction accuracy, op-
erational feasibility, and solution quality. The computational
Test case DC MDCS
Dataset ∆1% pd ∆2% pd ∆3% pd
14 ieee 5.1792 0.0007 0.0001 0.0001
30 ieee 7.9894 0.0180 0.0028 0.0078
39 epri 0.9094 0.0003 0.0000 0.0027
57 ieee 1.7758 0.0527 0.0000 0.0001
73 ieee rts 2.6846 0.4586 0.0663 0.0356
89 pegase 1.5089 0.1494 0.1273 0.0237
118 ieee 4.7455 0.5408 0.3913 0.1620
162 ieee dtc 6.2090 0.2845 0.2704 0.1535
189 edin 9.9803 0.3177 0.1064 0.3500
300 ieee 4.7508 0.3011 0.6430 0.6226
Total Avg. (%) 4.5733 0.2124 0.1608 0.1358
Table 9: Sensitivity analysis of the LoadFlow OPF solution
costs distances from optimal AC-OPF cost (in percentage)
at varying of the distance between the loads in the previous
state s0 and the current load observation.
results show that the proposed OPF-DNN model can find
solutions that are up to several order of magnitude more pre-
cise and faster than existing approximation methods (e.g.,
the commonly adopted linear DC model). These results may
open a new avenue in approximating the AC-OPF problem,
a key building block in many power system applications, in-
cluding expansion planning and security assessment studies
which typically requires a huge number of multi-year sim-
ulations based on the linear DC model. Current work aims
at improving the (currently naive) implementation to test the
approach on very large networks whose entire data sets are
significantly larger than the GPU memory.
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Appendix
Network Architectures
This section includes additional details on the DNN models archi-
tecture. Throughout the text, it considers a power system repre-
sented by the network graph pN , Eq, and use n to denote the num-
ber of busesN and e to denote the number of directed transmission
lines E . We also use l to denote the number of buses serving a net-
work load, and g to denote the number of buses serving a generator.
Model MB It refers to the baseline model that minimizes the
following loss:
Lopy, yˆq “ }v ´ vˆ}2 ` }pg ´ pˆg}2
The associated DNN architecture is summarized in the following
table.
Alias Layer size in size out AF
Input FC 2l 4l ReLU
FC 4l 4l ReLU
Out-v FC 4l 8l ReLU
FC 8l 4l ReLU
FC 4l 2g ReLU
FC 2g g
Out-pg FC 4l 8l ReLU
FC 8l 4l ReLU
FC 4l 2g ReLU
FC 2g g
Therein, the first column identifies the name given to the associated
group of layers, as used in the illustration in Figure 4; FC denotes
a fully connected layer, size in and size out describe the input and
output dimensions of each layer, and, finally, AF describes the acti-
vation function adopted at each layer. The architecture is illustrated
in Figure 4.
Model MC This model exploits the OPF problem constraints
using the Lagrangian framework under violation degrees. The
model minimizes the following loss:
Lopy, yˆq “ }v ´ vˆ}2 ` }θ ´ θˆ}2
` }pg ´ pˆg}2 ` }qg ´ qˆg}2
`
ÿ
cPC
λcνcpyˆq
with C being the set of the OPF constraints as defined in Model 1,
and νcpyˆq represent the constraint penalty associated to constraint
c P C. All weights λc are set to 1.
Its architecture is summarized in the following table:
pˆg
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<latexit sha1_base64="PtVTSN8iXIjtAuZ5Q/SIf+S+lA0=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiwcPFewHtKFstpt26WY37m4KJeR3ePGgiFd/jDf/jZs2B219MPB4b4aZeUHMmTau++2U1tY3NrfK25Wd3b39g+rhUVvLRBHaIp JL1Q2wppwJ2jLMcNqNFcVRwGknmNzmfmdKlWZSPJpZTP0IjwQLGcHGSn7aJ5ij+2yQxlllUK25dXcOtEq8gtSgQHNQ/eoPJUkiKgzhWOue58bGT7EyjHCaVfqJpjEmEzyiPUsFjqj20/nRGTqzyhCFUtkSBs3V3xMpjrSeRYHtjLAZ62UvF//zeokJr/2UiTgxVJDFojDhyEiUJ4CGTFFi+MwSTBSztyIyxgoTY3PKQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACAk/wDK/w5kydF+fd+Vi0lpxi5hj+wPn8AT5akb0=</latexit><latexit sha1_base64="PtVTSN8iXIjtAuZ5Q/SIf+S+lA0=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiwcPFewHtKFstpt26WY37m4KJeR3ePGgiFd/jDf/jZs2B219MPB4b4aZeUHMmTau++2U1tY3NrfK25Wd3b39g+rhUVvLRBHaIp JL1Q2wppwJ2jLMcNqNFcVRwGknmNzmfmdKlWZSPJpZTP0IjwQLGcHGSn7aJ5ij+2yQxlllUK25dXcOtEq8gtSgQHNQ/eoPJUkiKgzhWOue58bGT7EyjHCaVfqJpjEmEzyiPUsFjqj20/nRGTqzyhCFUtkSBs3V3xMpjrSeRYHtjLAZ62UvF//zeokJr/2UiTgxVJDFojDhyEiUJ4CGTFFi+MwSTBSztyIyxgoTY3PKQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACAk/wDK/w5kydF+fd+Vi0lpxi5hj+wPn8AT5akb0=</latexit><latexit sha1_base64="PtVTSN8iXIjtAuZ5Q/SIf+S+lA0=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiwcPFewHtKFstpt26WY37m4KJeR3ePGgiFd/jDf/jZs2B219MPB4b4aZeUHMmTau++2U1tY3NrfK25Wd3b39g+rhUVvLRBHaIp JL1Q2wppwJ2jLMcNqNFcVRwGknmNzmfmdKlWZSPJpZTP0IjwQLGcHGSn7aJ5ij+2yQxlllUK25dXcOtEq8gtSgQHNQ/eoPJUkiKgzhWOue58bGT7EyjHCaVfqJpjEmEzyiPUsFjqj20/nRGTqzyhCFUtkSBs3V3xMpjrSeRYHtjLAZ62UvF//zeokJr/2UiTgxVJDFojDhyEiUJ4CGTFFi+MwSTBSztyIyxgoTY3PKQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACAk/wDK/w5kydF+fd+Vi0lpxi5hj+wPn8AT5akb0=</latexit><latexit sha1_base64="PtVTSN8iXIjtAuZ5Q/SIf+S+lA0=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiwcPFewHtKFstpt26WY37m4KJeR3ePGgiFd/jDf/jZs2B219MPB4b4aZeUHMmTau++2U1tY3NrfK25Wd3b39g+rhUVvLRBHaIp JL1Q2wppwJ2jLMcNqNFcVRwGknmNzmfmdKlWZSPJpZTP0IjwQLGcHGSn7aJ5ij+2yQxlllUK25dXcOtEq8gtSgQHNQ/eoPJUkiKgzhWOue58bGT7EyjHCaVfqJpjEmEzyiPUsFjqj20/nRGTqzyhCFUtkSBs3V3xMpjrSeRYHtjLAZ62UvF//zeokJr/2UiTgxVJDFojDhyEiUJ4CGTFFi+MwSTBSztyIyxgoTY3PKQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACAk/wDK/w5kydF+fd+Vi0lpxi5hj+wPn8AT5akb0=</latexit>
vˆ
<latexit sha1_base64="K0QTHJ00o/sGKATf/bV8mX3+8Vg=">AAACC3icbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047K CfUATy2Q6aYfOTMLMpFBCPsG9W/0Fd+LWj/AP/AynbQTbeuDC4Zx7OZcTJowq7bpfVmltfWNzq7xt7+zu7R9UDo9aKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYej26nfHhOpaCwe9CQhAUcDQSOKkTbSoz9EOvNDno3z3LZ7lapbc2dwVolXkCoUaPQq3 34/xiknQmOGlOp6bqKDDElNMSO57aeKJAiP0IB0DRWIExVks69z58wofSeKpRmhnZn69yJDXKkJD80mR3qolr2p+J/XTXV0HWRUJKkmAs+DopQ5OnamFTh9KgnWbGIIwpKaXx08RBJhbYpaSAn5b4CpxlsuYpW0LmqeW/PuL6v1m6KkMpzAKZyDB1dQhz toQBMwSHiGF3i1nqw36936mK+WrOLmGBZgff4ACk6bZg==</latexit><latexit sha1_base64="K0QTHJ00o/sGKATf/bV8mX3+8Vg=">AAACC3icbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047K CfUATy2Q6aYfOTMLMpFBCPsG9W/0Fd+LWj/AP/AynbQTbeuDC4Zx7OZcTJowq7bpfVmltfWNzq7xt7+zu7R9UDo9aKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYej26nfHhOpaCwe9CQhAUcDQSOKkTbSoz9EOvNDno3z3LZ7lapbc2dwVolXkCoUaPQq3 34/xiknQmOGlOp6bqKDDElNMSO57aeKJAiP0IB0DRWIExVks69z58wofSeKpRmhnZn69yJDXKkJD80mR3qolr2p+J/XTXV0HWRUJKkmAs+DopQ5OnamFTh9KgnWbGIIwpKaXx08RBJhbYpaSAn5b4CpxlsuYpW0LmqeW/PuL6v1m6KkMpzAKZyDB1dQhz toQBMwSHiGF3i1nqw36936mK+WrOLmGBZgff4ACk6bZg==</latexit><latexit sha1_base64="K0QTHJ00o/sGKATf/bV8mX3+8Vg=">AAACC3icbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047K CfUATy2Q6aYfOTMLMpFBCPsG9W/0Fd+LWj/AP/AynbQTbeuDC4Zx7OZcTJowq7bpfVmltfWNzq7xt7+zu7R9UDo9aKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYej26nfHhOpaCwe9CQhAUcDQSOKkTbSoz9EOvNDno3z3LZ7lapbc2dwVolXkCoUaPQq3 34/xiknQmOGlOp6bqKDDElNMSO57aeKJAiP0IB0DRWIExVks69z58wofSeKpRmhnZn69yJDXKkJD80mR3qolr2p+J/XTXV0HWRUJKkmAs+DopQ5OnamFTh9KgnWbGIIwpKaXx08RBJhbYpaSAn5b4CpxlsuYpW0LmqeW/PuL6v1m6KkMpzAKZyDB1dQhz toQBMwSHiGF3i1nqw36936mK+WrOLmGBZgff4ACk6bZg==</latexit><latexit sha1_base64="K0QTHJ00o/sGKATf/bV8mX3+8Vg=">AAACC3icbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047K CfUATy2Q6aYfOTMLMpFBCPsG9W/0Fd+LWj/AP/AynbQTbeuDC4Zx7OZcTJowq7bpfVmltfWNzq7xt7+zu7R9UDo9aKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYej26nfHhOpaCwe9CQhAUcDQSOKkTbSoz9EOvNDno3z3LZ7lapbc2dwVolXkCoUaPQq3 34/xiknQmOGlOp6bqKDDElNMSO57aeKJAiP0IB0DRWIExVks69z58wofSeKpRmhnZn69yJDXKkJD80mR3qolr2p+J/XTXV0HWRUJKkmAs+DopQ5OnamFTh9KgnWbGIIwpKaXx08RBJhbYpaSAn5b4CpxlsuYpW0LmqeW/PuL6v1m6KkMpzAKZyDB1dQhz toQBMwSHiGF3i1nqw36936mK+WrOLmGBZgff4ACk6bZg==</latexit>
Lv
<latexit sha1_base64="Um6kNkdRlBS2AYTWE8BUd52jNcc=">AAACCXicbVDLSgMxFL1TX3V8VV26CRbBVZkRQZdFNy5 cVLAPaIeSSTNtaJIZkkyhDP0C9271F9yJW7/CP/AzTNsRbOuBC4dz7uVcTphwpo3nfTmFtfWNza3itruzu7d/UDo8aug4VYTWScxj1QqxppxJWjfMcNpKFMUi5LQZDm+nfnNElWaxfDTjhAYC9yWLGMHGSp2sQzBH95PuyHW7pbJX8WZAq8TPSRly1Lql7 04vJqmg0hCOtW77XmKCDCvDCKcTt5NqmmAyxH3atlRiQXWQzX6eoDOr9FAUKzvSoJn69yLDQuuxCO2mwGagl72p+J/XTk10HWRMJqmhksyDopQjE6NpAajHFCWGjy3BRDH7KyIDrDAxtqaFlFD8Bthq/OUiVknjouJ7Ff/hsly9yUsqwgmcwjn4cAVVuI Ma1IFAAs/wAq/Ok/PmvDsf89WCk98cwwKczx93cJnt</latexit><latexit sha1_base64="Um6kNkdRlBS2AYTWE8BUd52jNcc=">AAACCXicbVDLSgMxFL1TX3V8VV26CRbBVZkRQZdFNy5 cVLAPaIeSSTNtaJIZkkyhDP0C9271F9yJW7/CP/AzTNsRbOuBC4dz7uVcTphwpo3nfTmFtfWNza3itruzu7d/UDo8aug4VYTWScxj1QqxppxJWjfMcNpKFMUi5LQZDm+nfnNElWaxfDTjhAYC9yWLGMHGSp2sQzBH95PuyHW7pbJX8WZAq8TPSRly1Lql7 04vJqmg0hCOtW77XmKCDCvDCKcTt5NqmmAyxH3atlRiQXWQzX6eoDOr9FAUKzvSoJn69yLDQuuxCO2mwGagl72p+J/XTk10HWRMJqmhksyDopQjE6NpAajHFCWGjy3BRDH7KyIDrDAxtqaFlFD8Bthq/OUiVknjouJ7Ff/hsly9yUsqwgmcwjn4cAVVuI Ma1IFAAs/wAq/Ok/PmvDsf89WCk98cwwKczx93cJnt</latexit><latexit sha1_base64="Um6kNkdRlBS2AYTWE8BUd52jNcc=">AAACCXicbVDLSgMxFL1TX3V8VV26CRbBVZkRQZdFNy5 cVLAPaIeSSTNtaJIZkkyhDP0C9271F9yJW7/CP/AzTNsRbOuBC4dz7uVcTphwpo3nfTmFtfWNza3itruzu7d/UDo8aug4VYTWScxj1QqxppxJWjfMcNpKFMUi5LQZDm+nfnNElWaxfDTjhAYC9yWLGMHGSp2sQzBH95PuyHW7pbJX8WZAq8TPSRly1Lql7 04vJqmg0hCOtW77XmKCDCvDCKcTt5NqmmAyxH3atlRiQXWQzX6eoDOr9FAUKzvSoJn69yLDQuuxCO2mwGagl72p+J/XTk10HWRMJqmhksyDopQjE6NpAajHFCWGjy3BRDH7KyIDrDAxtqaFlFD8Bthq/OUiVknjouJ7Ff/hsly9yUsqwgmcwjn4cAVVuI Ma1IFAAs/wAq/Ok/PmvDsf89WCk98cwwKczx93cJnt</latexit><latexit sha1_base64="Um6kNkdRlBS2AYTWE8BUd52jNcc=">AAACCXicbVDLSgMxFL1TX3V8VV26CRbBVZkRQZdFNy5 cVLAPaIeSSTNtaJIZkkyhDP0C9271F9yJW7/CP/AzTNsRbOuBC4dz7uVcTphwpo3nfTmFtfWNza3itruzu7d/UDo8aug4VYTWScxj1QqxppxJWjfMcNpKFMUi5LQZDm+nfnNElWaxfDTjhAYC9yWLGMHGSp2sQzBH95PuyHW7pbJX8WZAq8TPSRly1Lql7 04vJqmg0hCOtW77XmKCDCvDCKcTt5NqmmAyxH3atlRiQXWQzX6eoDOr9FAUKzvSoJn69yLDQuuxCO2mwGagl72p+J/XTk10HWRMJqmhksyDopQjE6NpAajHFCWGjy3BRDH7KyIDrDAxtqaFlFD8Bthq/OUiVknjouJ7Ff/hsly9yUsqwgmcwjn4cAVVuI Ma1IFAAs/wAq/Ok/PmvDsf89WCk98cwwKczx93cJnt</latexit>
(pd, qd)
<latexit sha1_base64="TeUomNgukmwT8tDj45eABWPfiyc=">AAACFXicbZDLSsNAFIYn9VbrLSq4cTNahApSEhF0WXT jsoK9QBPLZDJph84kcWYilNjncO9WX8GduHXtG/gYTtoItvXAgY//nMN/+L2YUaks68soLCwuLa8UV0tr6xubW+b2TlNGicCkgSMWibaHJGE0JA1FFSPtWBDEPUZa3uAqm7ceiJA0Cm/VMCYuR72QBhQjpaWuuVdxPJ7GozvfOTiBGd9rPu6aZatqjQvOg 51DGeRV75rfjh/hhJNQYYak7NhWrNwUCUUxI6OSk0gSIzxAPdLRGCJOpJuO/x/BI634MIiE7lDBsfr3IkVcyiH39CZHqi9nZ5n436yTqODCTWkYJ4qEeGIUJAyqCGZhQJ8KghUbakBYUP0rxH0kEFY6sikXj/8a6Gjs2SDmoXlata2qfXNWrl3mIRXBPj gEFWCDc1AD16AOGgCDR/AMXsCr8WS8Ge/Gx2S1YOQ3u2CqjM8f5waebg==</latexit><latexit sha1_base64="TeUomNgukmwT8tDj45eABWPfiyc=">AAACFXicbZDLSsNAFIYn9VbrLSq4cTNahApSEhF0WXT jsoK9QBPLZDJph84kcWYilNjncO9WX8GduHXtG/gYTtoItvXAgY//nMN/+L2YUaks68soLCwuLa8UV0tr6xubW+b2TlNGicCkgSMWibaHJGE0JA1FFSPtWBDEPUZa3uAqm7ceiJA0Cm/VMCYuR72QBhQjpaWuuVdxPJ7GozvfOTiBGd9rPu6aZatqjQvOg 51DGeRV75rfjh/hhJNQYYak7NhWrNwUCUUxI6OSk0gSIzxAPdLRGCJOpJuO/x/BI634MIiE7lDBsfr3IkVcyiH39CZHqi9nZ5n436yTqODCTWkYJ4qEeGIUJAyqCGZhQJ8KghUbakBYUP0rxH0kEFY6sikXj/8a6Gjs2SDmoXlata2qfXNWrl3mIRXBPj gEFWCDc1AD16AOGgCDR/AMXsCr8WS8Ge/Gx2S1YOQ3u2CqjM8f5waebg==</latexit><latexit sha1_base64="TeUomNgukmwT8tDj45eABWPfiyc=">AAACFXicbZDLSsNAFIYn9VbrLSq4cTNahApSEhF0WXT jsoK9QBPLZDJph84kcWYilNjncO9WX8GduHXtG/gYTtoItvXAgY//nMN/+L2YUaks68soLCwuLa8UV0tr6xubW+b2TlNGicCkgSMWibaHJGE0JA1FFSPtWBDEPUZa3uAqm7ceiJA0Cm/VMCYuR72QBhQjpaWuuVdxPJ7GozvfOTiBGd9rPu6aZatqjQvOg 51DGeRV75rfjh/hhJNQYYak7NhWrNwUCUUxI6OSk0gSIzxAPdLRGCJOpJuO/x/BI634MIiE7lDBsfr3IkVcyiH39CZHqi9nZ5n436yTqODCTWkYJ4qEeGIUJAyqCGZhQJ8KghUbakBYUP0rxH0kEFY6sikXj/8a6Gjs2SDmoXlata2qfXNWrl3mIRXBPj gEFWCDc1AD16AOGgCDR/AMXsCr8WS8Ge/Gx2S1YOQ3u2CqjM8f5waebg==</latexit><latexit sha1_base64="TeUomNgukmwT8tDj45eABWPfiyc=">AAACFXicbZDLSsNAFIYn9VbrLSq4cTNahApSEhF0WXT jsoK9QBPLZDJph84kcWYilNjncO9WX8GduHXtG/gYTtoItvXAgY//nMN/+L2YUaks68soLCwuLa8UV0tr6xubW+b2TlNGicCkgSMWibaHJGE0JA1FFSPtWBDEPUZa3uAqm7ceiJA0Cm/VMCYuR72QBhQjpaWuuVdxPJ7GozvfOTiBGd9rPu6aZatqjQvOg 51DGeRV75rfjh/hhJNQYYak7NhWrNwUCUUxI6OSk0gSIzxAPdLRGCJOpJuO/x/BI634MIiE7lDBsfr3IkVcyiH39CZHqi9nZ5n436yTqODCTWkYJ4qEeGIUJAyqCGZhQJ8KghUbakBYUP0rxH0kEFY6sikXj/8a6Gjs2SDmoXlata2qfXNWrl3mIRXBPj gEFWCDc1AD16AOGgCDR/AMXsCr8WS8Ge/Gx2S1YOQ3u2CqjM8f5waebg==</latexit>
Input
<latexit sha1_base64="KL9hFM3ToeWD2uJ2krk27YZSzDM=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQtIH1l3Bje4 q2Ac0oUym03boZBJmbsQS+htuXCji1p9x5984aSOo6IELh3Pu5d57glhwDY7zYa2srq1vbBa2its7u3v7pYPDjo4SRVmbRiJSvYBoJrhkbeAgWC9WjISBYN1gepn53TumNI/kLcxi5odkLPmIUwJG8jxg95BeyziB+aBUduxKvV5zG3hJajmpXlSxazsLl FGO1qD07g0jmoRMAhVE677rxOCnRAGngs2LXqJZTOiUjFnfUElCpv10cfMcnxpliEeRMiUBL9TvEykJtZ6FgekMCUz0by8T//L6CYwafsqzl5iky0WjRGCIcBYAHnLFKIiZIYQqbm7FdEIUoWBiKpoQvj7F/5NOxXYd272plZuNPI4COkYn6Ay56Bw10R VqoTaiKEYP6Ak9W4n1aL1Yr8vWFSufOUI/YL19AiWOkmE=</latexit><latexit sha1_base64="KL9hFM3ToeWD2uJ2krk27YZSzDM=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQtIH1l3Bje4 q2Ac0oUym03boZBJmbsQS+htuXCji1p9x5984aSOo6IELh3Pu5d57glhwDY7zYa2srq1vbBa2its7u3v7pYPDjo4SRVmbRiJSvYBoJrhkbeAgWC9WjISBYN1gepn53TumNI/kLcxi5odkLPmIUwJG8jxg95BeyziB+aBUduxKvV5zG3hJajmpXlSxazsLl FGO1qD07g0jmoRMAhVE677rxOCnRAGngs2LXqJZTOiUjFnfUElCpv10cfMcnxpliEeRMiUBL9TvEykJtZ6FgekMCUz0by8T//L6CYwafsqzl5iky0WjRGCIcBYAHnLFKIiZIYQqbm7FdEIUoWBiKpoQvj7F/5NOxXYd272plZuNPI4COkYn6Ay56Bw10R VqoTaiKEYP6Ak9W4n1aL1Yr8vWFSufOUI/YL19AiWOkmE=</latexit><latexit sha1_base64="KL9hFM3ToeWD2uJ2krk27YZSzDM=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQtIH1l3Bje4 q2Ac0oUym03boZBJmbsQS+htuXCji1p9x5984aSOo6IELh3Pu5d57glhwDY7zYa2srq1vbBa2its7u3v7pYPDjo4SRVmbRiJSvYBoJrhkbeAgWC9WjISBYN1gepn53TumNI/kLcxi5odkLPmIUwJG8jxg95BeyziB+aBUduxKvV5zG3hJajmpXlSxazsLl FGO1qD07g0jmoRMAhVE677rxOCnRAGngs2LXqJZTOiUjFnfUElCpv10cfMcnxpliEeRMiUBL9TvEykJtZ6FgekMCUz0by8T//L6CYwafsqzl5iky0WjRGCIcBYAHnLFKIiZIYQqbm7FdEIUoWBiKpoQvj7F/5NOxXYd272plZuNPI4COkYn6Ay56Bw10R VqoTaiKEYP6Ak9W4n1aL1Yr8vWFSufOUI/YL19AiWOkmE=</latexit><latexit sha1_base64="KL9hFM3ToeWD2uJ2krk27YZSzDM=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQtIH1l3Bje4 q2Ac0oUym03boZBJmbsQS+htuXCji1p9x5984aSOo6IELh3Pu5d57glhwDY7zYa2srq1vbBa2its7u3v7pYPDjo4SRVmbRiJSvYBoJrhkbeAgWC9WjISBYN1gepn53TumNI/kLcxi5odkLPmIUwJG8jxg95BeyziB+aBUduxKvV5zG3hJajmpXlSxazsLl FGO1qD07g0jmoRMAhVE677rxOCnRAGngs2LXqJZTOiUjFnfUElCpv10cfMcnxpliEeRMiUBL9TvEykJtZ6FgekMCUz0by8T//L6CYwafsqzl5iky0WjRGCIcBYAHnLFKIiZIYQqbm7FdEIUoWBiKpoQvj7F/5NOxXYd272plZuNPI4COkYn6Ay56Bw10R VqoTaiKEYP6Ak9W4n1aL1Yr8vWFSufOUI/YL19AiWOkmE=</latexit>
Out-pg
<latexit sha1_base64="g61qH1GwFIbNcgAON2guaT1ot3M=">AAACE3icdZDLSgMxGIUz9Vbrrdqlm2AR3FhmesG6K7h xZwV7gc5YMmnahiYzQ/KPWIY+hmu3+gzuxK0P4CP4FqYXQaUeCHyc8/8kOX4kuAbb/rBSK6tr6xvpzczW9s7uXnb/oKnDWFHWoKEIVdsnmgkesAZwEKwdKUakL1jLH11M89YdU5qHwQ2MI+ZJMgh4n1MCxupmcy6we0iuYjiduL5MosntoJvN24VipVJ2q ngO5QWUzkvYKdgz5dFC9W720+2FNJYsACqI1h3HjsBLiAJOBZtk3FiziNARGbCOwYBIpr1k9vgJPjZOD/dDZU4AeOb+3EiI1HosfTMpCQz132xqLs18uczuxNCvegkPohhYQOf392OBIcTTgnCPK0ZBjA0Qqrj5AqZDoggFU2PGdPNdAP4fmsWCYxec63 K+Vl20lEaH6AidIAedoRq6RHXUQBSN0SN6Qs/Wg/VivVpv89GUtdjJoV+y3r8Ahcuetw==</latexit><latexit sha1_base64="g61qH1GwFIbNcgAON2guaT1ot3M=">AAACE3icdZDLSgMxGIUz9Vbrrdqlm2AR3FhmesG6K7h xZwV7gc5YMmnahiYzQ/KPWIY+hmu3+gzuxK0P4CP4FqYXQaUeCHyc8/8kOX4kuAbb/rBSK6tr6xvpzczW9s7uXnb/oKnDWFHWoKEIVdsnmgkesAZwEKwdKUakL1jLH11M89YdU5qHwQ2MI+ZJMgh4n1MCxupmcy6we0iuYjiduL5MosntoJvN24VipVJ2q ngO5QWUzkvYKdgz5dFC9W720+2FNJYsACqI1h3HjsBLiAJOBZtk3FiziNARGbCOwYBIpr1k9vgJPjZOD/dDZU4AeOb+3EiI1HosfTMpCQz132xqLs18uczuxNCvegkPohhYQOf392OBIcTTgnCPK0ZBjA0Qqrj5AqZDoggFU2PGdPNdAP4fmsWCYxec63 K+Vl20lEaH6AidIAedoRq6RHXUQBSN0SN6Qs/Wg/VivVpv89GUtdjJoV+y3r8Ahcuetw==</latexit><latexit sha1_base64="g61qH1GwFIbNcgAON2guaT1ot3M=">AAACE3icdZDLSgMxGIUz9Vbrrdqlm2AR3FhmesG6K7h xZwV7gc5YMmnahiYzQ/KPWIY+hmu3+gzuxK0P4CP4FqYXQaUeCHyc8/8kOX4kuAbb/rBSK6tr6xvpzczW9s7uXnb/oKnDWFHWoKEIVdsnmgkesAZwEKwdKUakL1jLH11M89YdU5qHwQ2MI+ZJMgh4n1MCxupmcy6we0iuYjiduL5MosntoJvN24VipVJ2q ngO5QWUzkvYKdgz5dFC9W720+2FNJYsACqI1h3HjsBLiAJOBZtk3FiziNARGbCOwYBIpr1k9vgJPjZOD/dDZU4AeOb+3EiI1HosfTMpCQz132xqLs18uczuxNCvegkPohhYQOf392OBIcTTgnCPK0ZBjA0Qqrj5AqZDoggFU2PGdPNdAP4fmsWCYxec63 K+Vl20lEaH6AidIAedoRq6RHXUQBSN0SN6Qs/Wg/VivVpv89GUtdjJoV+y3r8Ahcuetw==</latexit><latexit sha1_base64="g61qH1GwFIbNcgAON2guaT1ot3M=">AAACE3icdZDLSgMxGIUz9Vbrrdqlm2AR3FhmesG6K7h xZwV7gc5YMmnahiYzQ/KPWIY+hmu3+gzuxK0P4CP4FqYXQaUeCHyc8/8kOX4kuAbb/rBSK6tr6xvpzczW9s7uXnb/oKnDWFHWoKEIVdsnmgkesAZwEKwdKUakL1jLH11M89YdU5qHwQ2MI+ZJMgh4n1MCxupmcy6we0iuYjiduL5MosntoJvN24VipVJ2q ngO5QWUzkvYKdgz5dFC9W720+2FNJYsACqI1h3HjsBLiAJOBZtk3FiziNARGbCOwYBIpr1k9vgJPjZOD/dDZU4AeOb+3EiI1HosfTMpCQz132xqLs18uczuxNCvegkPohhYQOf392OBIcTTgnCPK0ZBjA0Qqrj5AqZDoggFU2PGdPNdAP4fmsWCYxec63 K+Vl20lEaH6AidIAedoRq6RHXUQBSN0SN6Qs/Wg/VivVpv89GUtdjJoV+y3r8Ahcuetw==</latexit>
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Figure 4: A representation of the AC-OPF Neural Network
Model MB. Each layer is fully connected with ReLU acti-
vation. White boxes correspond to input tensors, dark, col-
ored, boxes correspond to output layers. Loss components
are shown in the rectangles with black borders.
Alias Layer size in size out AF
Input FC 2l 4l ReLU
FC 4l 4l ReLU
Out-v FC 4l 8l ReLU
FC 8l 4l ReLU
FC 4l 2n ReLU
FC 2n n
Out-θ FC 4l 8l ReLU
FC 8l 4l ReLU
FC 4l 2n ReLU
FC 2n n
Out-pg FC 4l 8l ReLU
FC 8l 4l ReLU
FC 4l 2g ReLU
FC 2g g
Out-qg FC 4l 8l ReLU
FC 8l 4l ReLU
FC 4l 2g ReLU
FC 2g g
An illustration of the above architecture is provided in Figure
5. The input layers on the left process the tensor of loads ppd, qdq.
The network has four basic units, each following a decoder-encoder
structure and composed by a number of layers as outlined in the
table above. Each subnetwork predicts a target variable: voltage
magnitudes vˆ, phase angles θˆ, active power generations pˆg , and
reactive power generations qˆg . Each sub-network takes as input
the last hidden layer of its input subnetwork, that processes the
load tensors. Each of the four prediction outputs is used to com-
pute the penalties associated to the quantity bounds (ν2a for the
voltage magnitudes, ν2b for voltage angles, ν3a for the active gen-
erator power, and ν3b for the reactive generator power). The predic-
tions for the voltage magnitude vˆ and angle θˆ are used to compute
the load flows pp˜f , q˜f q, as illustrated on the bottom of the Figure
and produce penalties ν4, ν5a, and ν5b. Finally, the resulting flows
pp˜f , q˜f q and the predictions for active pˆg and reactive qˆg gen-
erator power are used to compute the penalties associated to the
Kirchhoff’s Current Law (ν6a and ν6b).
Model MDC This model extends MC by estimating the La-
grangian weights λc using the iterative Lagrangian dual scheme
described in Algorithm 1. Its loss function and architecture are
analogous to those of model MC.
Model MCS This model extend MC by exploiting both the
problem constraints and the previous power system state; It uses
the same loss function as that used by MC but it adopts the archi-
tecture outlined in Figure 1, that uses the information related to the
previous power network state, as input to each of the four output
Lq
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⌫6b
<latexit sha1_base64="bDArzIRPJYhLHSAyG9gDXkw9FHk=">AAACB3icbVDLSgMxFL3js46vquDGTbAIrsqM C3VZdOOyBfvAdqiZNNOGJpkhyQhl6Ae4d6u/4E7c+hluXPsZpg/Bth4IHM65l3NzwoQzbTzv01laXlldW89tuJtb2zu7+b39mo5TRWiVxDxWjRBrypmkVcMMp41EUSxCTuth/3rk1x+o0iyWt2aQ0EDgrmQRI9hY6a4l03Z2Hg5dt5 0veEVvDLRI/CkplA4rX/cAUG7nv1udmKSCSkM41rrpe4kJMqwMI5wO3VaqaYJJH3dp01KJBdVBNr54iE6s0kFRrOyTBo3VvxsZFloPRGgnBTY9Pe+NxP+8ZmqiyyBjMkkNlWQSFKUcmRiNvo86TFFi+MASTBSztyLSwwoTY0uaSQnFb 4Ctxp8vYpHUzoq+V/QrtqMrmCAHR3AMp+DDBZTgBspQBQISnuAZXpxH59V5c94no0vOdOcAZuB8/ADrXpsj</latexit><latexit sha1_base64="9FoodhJhuDe+xLXmosD5fiBMq/8=">AAACB3icbVDLSgMxFL3js46vquDGTbAIrsqM C3VZ6sZlC/aBbSmZNNOGJpkhyQhl6Ae4d6t/IO7EreBPuHHtZ5g+BNt6IHA4517OzQlizrTxvE9naXlldW09s+Fubm3v7Gb39qs6ShShFRLxSNUDrClnklYMM5zWY0WxCDitBf2rkV+7o0qzSN6YQUxbAnclCxnBxkq3TZm00/Ng6L rtbM7Le2OgReJPSa5wWP5iz8WPUjv73exEJBFUGsKx1g3fi00rxcowwunQbSaaxpj0cZc2LJVYUN1KxxcP0YlVOiiMlH3SoLH6dyPFQuuBCOykwKan572R+J/XSEx42UqZjBNDJZkEhQlHJkKj76MOU5QYPrAEE8XsrYj0sMLE2JJmU gLxG2Cr8eeLWCTVs7zv5f2y7agIE2TgCI7hFHy4gAJcQwkqQEDCAzzCk3PvvDivzttkdMmZ7hzADJz3H2LWnN8=</latexit><latexit sha1_base64="9FoodhJhuDe+xLXmosD5fiBMq/8=">AAACB3icbVDLSgMxFL3js46vquDGTbAIrsqM C3VZ6sZlC/aBbSmZNNOGJpkhyQhl6Ae4d6t/IO7EreBPuHHtZ5g+BNt6IHA4517OzQlizrTxvE9naXlldW09s+Fubm3v7Gb39qs6ShShFRLxSNUDrClnklYMM5zWY0WxCDitBf2rkV+7o0qzSN6YQUxbAnclCxnBxkq3TZm00/Ng6L rtbM7Le2OgReJPSa5wWP5iz8WPUjv73exEJBFUGsKx1g3fi00rxcowwunQbSaaxpj0cZc2LJVYUN1KxxcP0YlVOiiMlH3SoLH6dyPFQuuBCOykwKan572R+J/XSEx42UqZjBNDJZkEhQlHJkKj76MOU5QYPrAEE8XsrYj0sMLE2JJmU gLxG2Cr8eeLWCTVs7zv5f2y7agIE2TgCI7hFHy4gAJcQwkqQEDCAzzCk3PvvDivzttkdMmZ7hzADJz3H2LWnN8=</latexit><latexit sha1_base64="t7iibEvmQHV8rNJCFdizw2mi23Y=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZlx YV0W3bisYB/YDiWTZtrQJDMkGaEM/QD3bvUX3IlbP8M/8DNM2xFs64HA4Zx7OTcnTDjTxvO+nMLa+sbmVnHb3dnd2z8oHR41dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHN1O/9UiVZrG8N+OEBgIPJIsYwcZKD12Z9rLLcOK6vV LZq3gzoFXi56QMOeq90ne3H5NUUGkIx1p3fC8xQYaVYYTTidtNNU0wGeEB7VgqsaA6yGYXT9CZVfooipV90qCZ+ncjw0LrsQjtpMBmqJe9qfif10lNdBVkTCapoZLMg6KUIxOj6fdRnylKDB9bgoli9lZEhlhhYmxJCymh+A2w1fjLR ayS5kXF9yr+nVeuXeclFeEETuEcfKhCDW6hDg0gIOEZXuDVeXLenHfnYz5acPKdY1iA8/kDMxiZPg==</latexit>
pˆg
<latexit sha1_base64="3zAHq9QHMSGuPvgoy8XRZPm6k70=">AAACBXicbVC7SgNBFL3rM8ZX1NJmMAhWYVcE LYM2lhHMA7KbMDuZTYbMzC4zs0JYtvYXbLW3E1u/w9YvcZJsYRIPXDiccy/ncsKEM21c99tZW9/Y3Nou7ZR39/YPDitHxy0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w/Hd1G8/UaVZLB/NJKGBwEPJIkawsVLPH2GT+aHIkjzvDf uVqltzZ0CrxCtIFQo0+pUffxCTVFBpCMdadz03MUGGlWGE07zsp5ommIzxkHYtlVhQHWSzr3N0bpUBimJlRxo0U/9eZFhoPRGh3RTYjPSyNxX/87qpiW6CjMkkNVSSeVCUcmRiNK0ADZiixPCJJZgoZn9FZIQVJsYWtZASirxsS/GWK 1glrcua59a8h6tq/baopwSncAYX4ME11OEeGtAEAgpe4BXenGfn3flwPuera05xcwILcL5+AbIimZU=</latexit><latexit sha1_base64="3zAHq9QHMSGuPvgoy8XRZPm6k70=">AAACBXicbVC7SgNBFL3rM8ZX1NJmMAhWYVcE LYM2lhHMA7KbMDuZTYbMzC4zs0JYtvYXbLW3E1u/w9YvcZJsYRIPXDiccy/ncsKEM21c99tZW9/Y3Nou7ZR39/YPDitHxy0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w/Hd1G8/UaVZLB/NJKGBwEPJIkawsVLPH2GT+aHIkjzvDf uVqltzZ0CrxCtIFQo0+pUffxCTVFBpCMdadz03MUGGlWGE07zsp5ommIzxkHYtlVhQHWSzr3N0bpUBimJlRxo0U/9eZFhoPRGh3RTYjPSyNxX/87qpiW6CjMkkNVSSeVCUcmRiNK0ADZiixPCJJZgoZn9FZIQVJsYWtZASirxsS/GWK 1glrcua59a8h6tq/baopwSncAYX4ME11OEeGtAEAgpe4BXenGfn3flwPuera05xcwILcL5+AbIimZU=</latexit><latexit sha1_base64="3zAHq9QHMSGuPvgoy8XRZPm6k70=">AAACBXicbVC7SgNBFL3rM8ZX1NJmMAhWYVcE LYM2lhHMA7KbMDuZTYbMzC4zs0JYtvYXbLW3E1u/w9YvcZJsYRIPXDiccy/ncsKEM21c99tZW9/Y3Nou7ZR39/YPDitHxy0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w/Hd1G8/UaVZLB/NJKGBwEPJIkawsVLPH2GT+aHIkjzvDf uVqltzZ0CrxCtIFQo0+pUffxCTVFBpCMdadz03MUGGlWGE07zsp5ommIzxkHYtlVhQHWSzr3N0bpUBimJlRxo0U/9eZFhoPRGh3RTYjPSyNxX/87qpiW6CjMkkNVSSeVCUcmRiNK0ADZiixPCJJZgoZn9FZIQVJsYWtZASirxsS/GWK 1glrcua59a8h6tq/baopwSncAYX4ME11OEeGtAEAgpe4BXenGfn3flwPuera05xcwILcL5+AbIimZU=</latexit><latexit sha1_base64="3zAHq9QHMSGuPvgoy8XRZPm6k70=">AAACBXicbVC7SgNBFL3rM8ZX1NJmMAhWYVcE LYM2lhHMA7KbMDuZTYbMzC4zs0JYtvYXbLW3E1u/w9YvcZJsYRIPXDiccy/ncsKEM21c99tZW9/Y3Nou7ZR39/YPDitHxy0dp4rQJol5rDoh1pQzSZuGGU47iaJYhJy2w/Hd1G8/UaVZLB/NJKGBwEPJIkawsVLPH2GT+aHIkjzvDf uVqltzZ0CrxCtIFQo0+pUffxCTVFBpCMdadz03MUGGlWGE07zsp5ommIzxkHYtlVhQHWSzr3N0bpUBimJlRxo0U/9eZFhoPRGh3RTYjPSyNxX/87qpiW6CjMkkNVSSeVCUcmRiNK0ADZiixPCJJZgoZn9FZIQVJsYWtZASirxsS/GWK 1glrcua59a8h6tq/baopwSncAYX4ME11OEeGtAEAgpe4BXenGfn3flwPuera05xcwILcL5+AbIimZU=</latexit>
⌫3a
<latexit sha1_base64="lu/nlT/dz0w+8y13O1fA29HlKrs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU 0GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzU7sq0l13Saa9ccavuHG SVeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOC11U40JZSM6wI6lkkao/Wx+75ScWaVPwljZkobM1d8TGY20nkSB7YyoGeplbyb+53VSE974GZdJalCyxaIwFcTEZPY86XOFzIiJJZQpbm8lbEgVZcZGVLIheMsvr5LmRdVzq97DV aV2m8dRhBM4hXPw4BpqcA91aAADAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx8J1o/0</latexit><latexit sha1_base64="lu/nlT/dz0w+8y13O1fA29HlKrs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU 0GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzU7sq0l13Saa9ccavuHG SVeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOC11U40JZSM6wI6lkkao/Wx+75ScWaVPwljZkobM1d8TGY20nkSB7YyoGeplbyb+53VSE974GZdJalCyxaIwFcTEZPY86XOFzIiJJZQpbm8lbEgVZcZGVLIheMsvr5LmRdVzq97DV aV2m8dRhBM4hXPw4BpqcA91aAADAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx8J1o/0</latexit><latexit sha1_base64="lu/nlT/dz0w+8y13O1fA29HlKrs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU 0GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzU7sq0l13Saa9ccavuHG SVeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOC11U40JZSM6wI6lkkao/Wx+75ScWaVPwljZkobM1d8TGY20nkSB7YyoGeplbyb+53VSE974GZdJalCyxaIwFcTEZPY86XOFzIiJJZQpbm8lbEgVZcZGVLIheMsvr5LmRdVzq97DV aV2m8dRhBM4hXPw4BpqcA91aAADAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx8J1o/0</latexit><latexit sha1_base64="lu/nlT/dz0w+8y13O1fA29HlKrs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU 0GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzU7sq0l13Saa9ccavuHG SVeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOC11U40JZSM6wI6lkkao/Wx+75ScWaVPwljZkobM1d8TGY20nkSB7YyoGeplbyb+53VSE974GZdJalCyxaIwFcTEZPY86XOFzIiJJZQpbm8lbEgVZcZGVLIheMsvr5LmRdVzq97DV aV2m8dRhBM4hXPw4BpqcA91aAADAc/wCm/O2Hlx3p2PRWvByWeO4Q+czx8J1o/0</latexit>
Lp
<latexit sha1_base64="PtVTSN8iXIjtAuZ5Q/SIf+S+lA0=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE 0GPRiwcPFewHtKFstpt26WY37m4KJeR3ePGgiFd/jDf/jZs2B219MPB4b4aZeUHMmTau++2U1tY3NrfK25Wd3b39g+rhUVvLRBHaIpJL1Q2wppwJ2jLMcNqNFcVRwGknmNzmfmdKlWZSPJpZTP0IjwQLGcHGSn7aJ5ij+2yQxlllUK 25dXcOtEq8gtSgQHNQ/eoPJUkiKgzhWOue58bGT7EyjHCaVfqJpjEmEzyiPUsFjqj20/nRGTqzyhCFUtkSBs3V3xMpjrSeRYHtjLAZ62UvF//zeokJr/2UiTgxVJDFojDhyEiUJ4CGTFFi+MwSTBSztyIyxgoTY3PKQ/CWX14l7Yu65 9a9h8ta46aIowwncArn4MEVNOAOmtACAk/wDK/w5kydF+fd+Vi0lpxi5hj+wPn8AT5akb0=</latexit><latexit sha1_base64="PtVTSN8iXIjtAuZ5Q/SIf+S+lA0=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE 0GPRiwcPFewHtKFstpt26WY37m4KJeR3ePGgiFd/jDf/jZs2B219MPB4b4aZeUHMmTau++2U1tY3NrfK25Wd3b39g+rhUVvLRBHaIpJL1Q2wppwJ2jLMcNqNFcVRwGknmNzmfmdKlWZSPJpZTP0IjwQLGcHGSn7aJ5ij+2yQxlllUK 25dXcOtEq8gtSgQHNQ/eoPJUkiKgzhWOue58bGT7EyjHCaVfqJpjEmEzyiPUsFjqj20/nRGTqzyhCFUtkSBs3V3xMpjrSeRYHtjLAZ62UvF//zeokJr/2UiTgxVJDFojDhyEiUJ4CGTFFi+MwSTBSztyIyxgoTY3PKQ/CWX14l7Yu65 9a9h8ta46aIowwncArn4MEVNOAOmtACAk/wDK/w5kydF+fd+Vi0lpxi5hj+wPn8AT5akb0=</latexit><latexit sha1_base64="PtVTSN8iXIjtAuZ5Q/SIf+S+lA0=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE 0GPRiwcPFewHtKFstpt26WY37m4KJeR3ePGgiFd/jDf/jZs2B219MPB4b4aZeUHMmTau++2U1tY3NrfK25Wd3b39g+rhUVvLRBHaIpJL1Q2wppwJ2jLMcNqNFcVRwGknmNzmfmdKlWZSPJpZTP0IjwQLGcHGSn7aJ5ij+2yQxlllUK 25dXcOtEq8gtSgQHNQ/eoPJUkiKgzhWOue58bGT7EyjHCaVfqJpjEmEzyiPUsFjqj20/nRGTqzyhCFUtkSBs3V3xMpjrSeRYHtjLAZ62UvF//zeokJr/2UiTgxVJDFojDhyEiUJ4CGTFFi+MwSTBSztyIyxgoTY3PKQ/CWX14l7Yu65 9a9h8ta46aIowwncArn4MEVNOAOmtACAk/wDK/w5kydF+fd+Vi0lpxi5hj+wPn8AT5akb0=</latexit><latexit sha1_base64="PtVTSN8iXIjtAuZ5Q/SIf+S+lA0=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE 0GPRiwcPFewHtKFstpt26WY37m4KJeR3ePGgiFd/jDf/jZs2B219MPB4b4aZeUHMmTau++2U1tY3NrfK25Wd3b39g+rhUVvLRBHaIpJL1Q2wppwJ2jLMcNqNFcVRwGknmNzmfmdKlWZSPJpZTP0IjwQLGcHGSn7aJ5ij+2yQxlllUK 25dXcOtEq8gtSgQHNQ/eoPJUkiKgzhWOue58bGT7EyjHCaVfqJpjEmEzyiPUsFjqj20/nRGTqzyhCFUtkSBs3V3xMpjrSeRYHtjLAZ62UvF//zeokJr/2UiTgxVJDFojDhyEiUJ4CGTFFi+MwSTBSztyIyxgoTY3PKQ/CWX14l7Yu65 9a9h8ta46aIowwncArn4MEVNOAOmtACAk/wDK/w5kydF+fd+Vi0lpxi5hj+wPn8AT5akb0=</latexit>
Ohm’s Law
Kirchoff’s Current Law
✓ˆ
<latexit sha1_base64="cdqnKEXSCs0RvXWWVhQ1H2GtBd8=">AAACEnicbVDLSsNAFJ3UV42vaJdugkVwVRIR dFl047KCbYUmlMl00gydScLMjRBC/sK9W/0Fd+LWH/AP/AynbQTbeuDC4Zx7OZcTpJwpcJwvo7a2vrG5Vd82d3b39g+sw6OeSjJJaJckPJEPAVaUs5h2gQGnD6mkWASc9oPJzdTvP1KpWBLfQ55SX+BxzEJGMGhpaDW8CEPhBaLwIK KAy9I0h1bTaTkz2KvErUgTVegMrW9vlJBM0BgIx0oNXCcFv8ASGOG0NL1M0RSTCR7TgaYxFlT5xez50j7VysgOE6knBnum/r0osFAqF4HeFBgitexNxf+8QQbhlV+wOM2AxmQeFGbchsSeNmGPmKQEeK4JJpLpX20SYYkJ6L4WUgLxG 6CrcZeLWCW985brtNy7i2b7uiqpjo7RCTpDLrpEbXSLOqiLCMrRM3pBr8aT8Wa8Gx/z1ZpR3TTQAozPH40ZncU=</latexit><latexit sha1_base64="cdqnKEXSCs0RvXWWVhQ1H2GtBd8=">AAACEnicbVDLSsNAFJ3UV42vaJdugkVwVRIR dFl047KCbYUmlMl00gydScLMjRBC/sK9W/0Fd+LWH/AP/AynbQTbeuDC4Zx7OZcTpJwpcJwvo7a2vrG5Vd82d3b39g+sw6OeSjJJaJckPJEPAVaUs5h2gQGnD6mkWASc9oPJzdTvP1KpWBLfQ55SX+BxzEJGMGhpaDW8CEPhBaLwIK KAy9I0h1bTaTkz2KvErUgTVegMrW9vlJBM0BgIx0oNXCcFv8ASGOG0NL1M0RSTCR7TgaYxFlT5xez50j7VysgOE6knBnum/r0osFAqF4HeFBgitexNxf+8QQbhlV+wOM2AxmQeFGbchsSeNmGPmKQEeK4JJpLpX20SYYkJ6L4WUgLxG 6CrcZeLWCW985brtNy7i2b7uiqpjo7RCTpDLrpEbXSLOqiLCMrRM3pBr8aT8Wa8Gx/z1ZpR3TTQAozPH40ZncU=</latexit><latexit sha1_base64="cdqnKEXSCs0RvXWWVhQ1H2GtBd8=">AAACEnicbVDLSsNAFJ3UV42vaJdugkVwVRIR dFl047KCbYUmlMl00gydScLMjRBC/sK9W/0Fd+LWH/AP/AynbQTbeuDC4Zx7OZcTpJwpcJwvo7a2vrG5Vd82d3b39g+sw6OeSjJJaJckPJEPAVaUs5h2gQGnD6mkWASc9oPJzdTvP1KpWBLfQ55SX+BxzEJGMGhpaDW8CEPhBaLwIK KAy9I0h1bTaTkz2KvErUgTVegMrW9vlJBM0BgIx0oNXCcFv8ASGOG0NL1M0RSTCR7TgaYxFlT5xez50j7VysgOE6knBnum/r0osFAqF4HeFBgitexNxf+8QQbhlV+wOM2AxmQeFGbchsSeNmGPmKQEeK4JJpLpX20SYYkJ6L4WUgLxG 6CrcZeLWCW985brtNy7i2b7uiqpjo7RCTpDLrpEbXSLOqiLCMrRM3pBr8aT8Wa8Gx/z1ZpR3TTQAozPH40ZncU=</latexit><latexit sha1_base64="cdqnKEXSCs0RvXWWVhQ1H2GtBd8=">AAACEnicbVDLSsNAFJ3UV42vaJdugkVwVRIR dFl047KCbYUmlMl00gydScLMjRBC/sK9W/0Fd+LWH/AP/AynbQTbeuDC4Zx7OZcTpJwpcJwvo7a2vrG5Vd82d3b39g+sw6OeSjJJaJckPJEPAVaUs5h2gQGnD6mkWASc9oPJzdTvP1KpWBLfQ55SX+BxzEJGMGhpaDW8CEPhBaLwIK KAy9I0h1bTaTkz2KvErUgTVegMrW9vlJBM0BgIx0oNXCcFv8ASGOG0NL1M0RSTCR7TgaYxFlT5xez50j7VysgOE6knBnum/r0osFAqF4HeFBgitexNxf+8QQbhlV+wOM2AxmQeFGbchsSeNmGPmKQEeK4JJpLpX20SYYkJ6L4WUgLxG 6CrcZeLWCW985brtNy7i2b7uiqpjo7RCTpDLrpEbXSLOqiLCMrRM3pBr8aT8Wa8Gx/z1ZpR3TTQAozPH40ZncU=</latexit>
⌫2b
<latexit sha1_base64="LFH5mW8sRdgvNWJI5SOewVKIRG4=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkp gi6LblxWsA9sh5JJM21okhmSjFCGfoB7t/oL7sStn+Ef+Bmm7Qi29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo+aOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWjm6nfeqRKs1jem3FCA4EHkkWMYGOlh65Me1k1nLhur1 T2Kt4MaJX4OSlDjnqv9N3txyQVVBrCsdYd30tMkGFlGOF04nZTTRNMRnhAO5ZKLKgOstnFE3RmlT6KYmWfNGim/t3IsNB6LEI7KbAZ6mVvKv7ndVITXQUZk0lqqCTzoCjlyMRo+n3UZ4oSw8eWYKKYvRWRIVaYGFvSQkoofgNsNf5yE aukWa34XsW/uyjXrvOSinACp3AOPlxCDW6hDg0gIOEZXuDVeXLenHfnYz5acPKdY1iA8/kDLeCZPg==</latexit><latexit sha1_base64="LFH5mW8sRdgvNWJI5SOewVKIRG4=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkp gi6LblxWsA9sh5JJM21okhmSjFCGfoB7t/oL7sStn+Ef+Bmm7Qi29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo+aOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWjm6nfeqRKs1jem3FCA4EHkkWMYGOlh65Me1k1nLhur1 T2Kt4MaJX4OSlDjnqv9N3txyQVVBrCsdYd30tMkGFlGOF04nZTTRNMRnhAO5ZKLKgOstnFE3RmlT6KYmWfNGim/t3IsNB6LEI7KbAZ6mVvKv7ndVITXQUZk0lqqCTzoCjlyMRo+n3UZ4oSw8eWYKKYvRWRIVaYGFvSQkoofgNsNf5yE aukWa34XsW/uyjXrvOSinACp3AOPlxCDW6hDg0gIOEZXuDVeXLenHfnYz5acPKdY1iA8/kDLeCZPg==</latexit><latexit sha1_base64="LFH5mW8sRdgvNWJI5SOewVKIRG4=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkp gi6LblxWsA9sh5JJM21okhmSjFCGfoB7t/oL7sStn+Ef+Bmm7Qi29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo+aOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWjm6nfeqRKs1jem3FCA4EHkkWMYGOlh65Me1k1nLhur1 T2Kt4MaJX4OSlDjnqv9N3txyQVVBrCsdYd30tMkGFlGOF04nZTTRNMRnhAO5ZKLKgOstnFE3RmlT6KYmWfNGim/t3IsNB6LEI7KbAZ6mVvKv7ndVITXQUZk0lqqCTzoCjlyMRo+n3UZ4oSw8eWYKKYvRWRIVaYGFvSQkoofgNsNf5yE aukWa34XsW/uyjXrvOSinACp3AOPlxCDW6hDg0gIOEZXuDVeXLenHfnYz5acPKdY1iA8/kDLeCZPg==</latexit><latexit sha1_base64="LFH5mW8sRdgvNWJI5SOewVKIRG4=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkp gi6LblxWsA9sh5JJM21okhmSjFCGfoB7t/oL7sStn+Ef+Bmm7Qi29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo+aOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWjm6nfeqRKs1jem3FCA4EHkkWMYGOlh65Me1k1nLhur1 T2Kt4MaJX4OSlDjnqv9N3txyQVVBrCsdYd30tMkGFlGOF04nZTTRNMRnhAO5ZKLKgOstnFE3RmlT6KYmWfNGim/t3IsNB6LEI7KbAZ6mVvKv7ndVITXQUZk0lqqCTzoCjlyMRo+n3UZ4oSw8eWYKKYvRWRIVaYGFvSQkoofgNsNf5yE aukWa34XsW/uyjXrvOSinACp3AOPlxCDW6hDg0gIOEZXuDVeXLenHfnYz5acPKdY1iA8/kDLeCZPg==</latexit>
L✓
<latexit sha1_base64="xQuHxAHrXKNrx5vqPNLiYidD378=">AAACEnicbVDLSsNAFJ3UV42vaJduBovgqiQi 6LLoxoWLCvYBbQiT6aQdOnkwcyOEkL9w71Z/wZ249Qf8Az/DaRvBth64cDjnXs7l+IngCmz7y6isrW9sblW3zZ3dvf0D6/Coo+JUUtamsYhlzyeKCR6xNnAQrJdIRkJfsK4/uZn63UcmFY+jB8gS5oZkFPGAUwJa8qxaPqBE4LvCyw cwZkAK0/Ssut2wZ8CrxClJHZVoedb3YBjTNGQRUEGU6jt2Am5OJHAqWGEOUsUSQidkxPqaRiRkys1nzxf4VCtDHMRSTwR4pv69yEmoVBb6ejMkMFbL3lT8z+unEFy5OY+SFFhE50FBKjDEeNoEHnLJKIhME0Il179iOiaSUNB9LaT44 W+ArsZZLmKVdM4bjt1w7i/qzeuypCo6RifoDDnoEjXRLWqhNqIoQ8/oBb0aT8ab8W58zFcrRnlTQwswPn8A2fmdWA==</latexit><latexit sha1_base64="xQuHxAHrXKNrx5vqPNLiYidD378=">AAACEnicbVDLSsNAFJ3UV42vaJduBovgqiQi 6LLoxoWLCvYBbQiT6aQdOnkwcyOEkL9w71Z/wZ249Qf8Az/DaRvBth64cDjnXs7l+IngCmz7y6isrW9sblW3zZ3dvf0D6/Coo+JUUtamsYhlzyeKCR6xNnAQrJdIRkJfsK4/uZn63UcmFY+jB8gS5oZkFPGAUwJa8qxaPqBE4LvCyw cwZkAK0/Ssut2wZ8CrxClJHZVoedb3YBjTNGQRUEGU6jt2Am5OJHAqWGEOUsUSQidkxPqaRiRkys1nzxf4VCtDHMRSTwR4pv69yEmoVBb6ejMkMFbL3lT8z+unEFy5OY+SFFhE50FBKjDEeNoEHnLJKIhME0Il179iOiaSUNB9LaT44 W+ArsZZLmKVdM4bjt1w7i/qzeuypCo6RifoDDnoEjXRLWqhNqIoQ8/oBb0aT8ab8W58zFcrRnlTQwswPn8A2fmdWA==</latexit><latexit sha1_base64="xQuHxAHrXKNrx5vqPNLiYidD378=">AAACEnicbVDLSsNAFJ3UV42vaJduBovgqiQi 6LLoxoWLCvYBbQiT6aQdOnkwcyOEkL9w71Z/wZ249Qf8Az/DaRvBth64cDjnXs7l+IngCmz7y6isrW9sblW3zZ3dvf0D6/Coo+JUUtamsYhlzyeKCR6xNnAQrJdIRkJfsK4/uZn63UcmFY+jB8gS5oZkFPGAUwJa8qxaPqBE4LvCyw cwZkAK0/Ssut2wZ8CrxClJHZVoedb3YBjTNGQRUEGU6jt2Am5OJHAqWGEOUsUSQidkxPqaRiRkys1nzxf4VCtDHMRSTwR4pv69yEmoVBb6ejMkMFbL3lT8z+unEFy5OY+SFFhE50FBKjDEeNoEHnLJKIhME0Il179iOiaSUNB9LaT44 W+ArsZZLmKVdM4bjt1w7i/qzeuypCo6RifoDDnoEjXRLWqhNqIoQ8/oBb0aT8ab8W58zFcrRnlTQwswPn8A2fmdWA==</latexit><latexit sha1_base64="xQuHxAHrXKNrx5vqPNLiYidD378=">AAACEnicbVDLSsNAFJ3UV42vaJduBovgqiQi 6LLoxoWLCvYBbQiT6aQdOnkwcyOEkL9w71Z/wZ249Qf8Az/DaRvBth64cDjnXs7l+IngCmz7y6isrW9sblW3zZ3dvf0D6/Coo+JUUtamsYhlzyeKCR6xNnAQrJdIRkJfsK4/uZn63UcmFY+jB8gS5oZkFPGAUwJa8qxaPqBE4LvCyw cwZkAK0/Ssut2wZ8CrxClJHZVoedb3YBjTNGQRUEGU6jt2Am5OJHAqWGEOUsUSQidkxPqaRiRkys1nzxf4VCtDHMRSTwR4pv69yEmoVBb6ejMkMFbL3lT8z+unEFy5OY+SFFhE50FBKjDEeNoEHnLJKIhME0Il179iOiaSUNB9LaT44 W+ArsZZLmKVdM4bjt1w7i/qzeuypCo6RifoDDnoEjXRLWqhNqIoQ8/oBb0aT8ab8W58zFcrRnlTQwswPn8A2fmdWA==</latexit>
vˆ
<latexit sha1_base64="K0QTHJ00o/sGKATf/bV8mX 3+8Vg=">AAACC3icbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUATy2Q6aYfOTMLMpFBCPsG9W/0Fd+LWj/A P/AynbQTbeuDC4Zx7OZcTJowq7bpfVmltfWNzq7xt7+zu7R9UDo9aKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYe j26nfHhOpaCwe9CQhAUcDQSOKkTbSoz9EOvNDno3z3LZ7lapbc2dwVolXkCoUaPQq334/xiknQmOGlOp6bqKDDE lNMSO57aeKJAiP0IB0DRWIExVks69z58wofSeKpRmhnZn69yJDXKkJD80mR3qolr2p+J/XTXV0HWRUJKkmAs+Do pQ5OnamFTh9KgnWbGIIwpKaXx08RBJhbYpaSAn5b4CpxlsuYpW0LmqeW/PuL6v1m6KkMpzAKZyDB1dQhztoQBMw SHiGF3i1nqw36936mK+WrOLmGBZgff4ACk6bZg==</latexit><latexit sha1_base64="K0QTHJ00o/sGKATf/bV8mX 3+8Vg=">AAACC3icbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUATy2Q6aYfOTMLMpFBCPsG9W/0Fd+LWj/A P/AynbQTbeuDC4Zx7OZcTJowq7bpfVmltfWNzq7xt7+zu7R9UDo9aKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYe j26nfHhOpaCwe9CQhAUcDQSOKkTbSoz9EOvNDno3z3LZ7lapbc2dwVolXkCoUaPQq334/xiknQmOGlOp6bqKDDE lNMSO57aeKJAiP0IB0DRWIExVks69z58wofSeKpRmhnZn69yJDXKkJD80mR3qolr2p+J/XTXV0HWRUJKkmAs+Do pQ5OnamFTh9KgnWbGIIwpKaXx08RBJhbYpaSAn5b4CpxlsuYpW0LmqeW/PuL6v1m6KkMpzAKZyDB1dQhztoQBMw SHiGF3i1nqw36936mK+WrOLmGBZgff4ACk6bZg==</latexit><latexit sha1_base64="K0QTHJ00o/sGKATf/bV8mX 3+8Vg=">AAACC3icbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUATy2Q6aYfOTMLMpFBCPsG9W/0Fd+LWj/A P/AynbQTbeuDC4Zx7OZcTJowq7bpfVmltfWNzq7xt7+zu7R9UDo9aKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYe j26nfHhOpaCwe9CQhAUcDQSOKkTbSoz9EOvNDno3z3LZ7lapbc2dwVolXkCoUaPQq334/xiknQmOGlOp6bqKDDE lNMSO57aeKJAiP0IB0DRWIExVks69z58wofSeKpRmhnZn69yJDXKkJD80mR3qolr2p+J/XTXV0HWRUJKkmAs+Do pQ5OnamFTh9KgnWbGIIwpKaXx08RBJhbYpaSAn5b4CpxlsuYpW0LmqeW/PuL6v1m6KkMpzAKZyDB1dQhztoQBMw SHiGF3i1nqw36936mK+WrOLmGBZgff4ACk6bZg==</latexit><latexit sha1_base64="K0QTHJ00o/sGKATf/bV8mX 3+8Vg=">AAACC3icbVDLSsNAFL2prxpfVZdugkVwVRIRdFl047KCfUATy2Q6aYfOTMLMpFBCPsG9W/0Fd+LWj/A P/AynbQTbeuDC4Zx7OZcTJowq7bpfVmltfWNzq7xt7+zu7R9UDo9aKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYe j26nfHhOpaCwe9CQhAUcDQSOKkTbSoz9EOvNDno3z3LZ7lapbc2dwVolXkCoUaPQq334/xiknQmOGlOp6bqKDDE lNMSO57aeKJAiP0IB0DRWIExVks69z58wofSeKpRmhnZn69yJDXKkJD80mR3qolr2p+J/XTXV0HWRUJKkmAs+Do pQ5OnamFTh9KgnWbGIIwpKaXx08RBJhbYpaSAn5b4CpxlsuYpW0LmqeW/PuL6v1m6KkMpzAKZyDB1dQhztoQBMw SHiGF3i1nqw36936mK+WrOLmGBZgff4ACk6bZg==</latexit>
Lv
<latexit sha1_base64="Um6kNkdRlBS2AYTWE8BUd5 2jNcc=">AAACCXicbVDLSgMxFL1TX3V8VV26CRbBVZkRQZdFNy5cVLAPaIeSSTNtaJIZkkyhDP0C9271F9yJW7/ CP/AzTNsRbOuBC4dz7uVcTphwpo3nfTmFtfWNza3itruzu7d/UDo8aug4VYTWScxj1QqxppxJWjfMcNpKFMUi5LQ ZDm+nfnNElWaxfDTjhAYC9yWLGMHGSp2sQzBH95PuyHW7pbJX8WZAq8TPSRly1Lql704vJqmg0hCOtW77XmKCDC vDCKcTt5NqmmAyxH3atlRiQXWQzX6eoDOr9FAUKzvSoJn69yLDQuuxCO2mwGagl72p+J/XTk10HWRMJqmhksyDo pQjE6NpAajHFCWGjy3BRDH7KyIDrDAxtqaFlFD8Bthq/OUiVknjouJ7Ff/hsly9yUsqwgmcwjn4cAVVuIMa1IFA As/wAq/Ok/PmvDsf89WCk98cwwKczx93cJnt</latexit><latexit sha1_base64="Um6kNkdRlBS2AYTWE8BUd5 2jNcc=">AAACCXicbVDLSgMxFL1TX3V8VV26CRbBVZkRQZdFNy5cVLAPaIeSSTNtaJIZkkyhDP0C9271F9yJW7/ CP/AzTNsRbOuBC4dz7uVcTphwpo3nfTmFtfWNza3itruzu7d/UDo8aug4VYTWScxj1QqxppxJWjfMcNpKFMUi5LQ ZDm+nfnNElWaxfDTjhAYC9yWLGMHGSp2sQzBH95PuyHW7pbJX8WZAq8TPSRly1Lql704vJqmg0hCOtW77XmKCDC vDCKcTt5NqmmAyxH3atlRiQXWQzX6eoDOr9FAUKzvSoJn69yLDQuuxCO2mwGagl72p+J/XTk10HWRMJqmhksyDo pQjE6NpAajHFCWGjy3BRDH7KyIDrDAxtqaFlFD8Bthq/OUiVknjouJ7Ff/hsly9yUsqwgmcwjn4cAVVuIMa1IFA As/wAq/Ok/PmvDsf89WCk98cwwKczx93cJnt</latexit><latexit sha1_base64="Um6kNkdRlBS2AYTWE8BUd5 2jNcc=">AAACCXicbVDLSgMxFL1TX3V8VV26CRbBVZkRQZdFNy5cVLAPaIeSSTNtaJIZkkyhDP0C9271F9yJW7/ CP/AzTNsRbOuBC4dz7uVcTphwpo3nfTmFtfWNza3itruzu7d/UDo8aug4VYTWScxj1QqxppxJWjfMcNpKFMUi5LQ ZDm+nfnNElWaxfDTjhAYC9yWLGMHGSp2sQzBH95PuyHW7pbJX8WZAq8TPSRly1Lql704vJqmg0hCOtW77XmKCDC vDCKcTt5NqmmAyxH3atlRiQXWQzX6eoDOr9FAUKzvSoJn69yLDQuuxCO2mwGagl72p+J/XTk10HWRMJqmhksyDo pQjE6NpAajHFCWGjy3BRDH7KyIDrDAxtqaFlFD8Bthq/OUiVknjouJ7Ff/hsly9yUsqwgmcwjn4cAVVuIMa1IFA As/wAq/Ok/PmvDsf89WCk98cwwKczx93cJnt</latexit><latexit sha1_base64="Um6kNkdRlBS2AYTWE8BUd5 2jNcc=">AAACCXicbVDLSgMxFL1TX3V8VV26CRbBVZkRQZdFNy5cVLAPaIeSSTNtaJIZkkyhDP0C9271F9yJW7/ CP/AzTNsRbOuBC4dz7uVcTphwpo3nfTmFtfWNza3itruzu7d/UDo8aug4VYTWScxj1QqxppxJWjfMcNpKFMUi5LQ ZDm+nfnNElWaxfDTjhAYC9yWLGMHGSp2sQzBH95PuyHW7pbJX8WZAq8TPSRly1Lql704vJqmg0hCOtW77XmKCDC vDCKcTt5NqmmAyxH3atlRiQXWQzX6eoDOr9FAUKzvSoJn69yLDQuuxCO2mwGagl72p+J/XTk10HWRMJqmhksyDo pQjE6NpAajHFCWGjy3BRDH7KyIDrDAxtqaFlFD8Bthq/OUiVknjouJ7Ff/hsly9yUsqwgmcwjn4cAVVuIMa1IFA As/wAq/Ok/PmvDsf89WCk98cwwKczx93cJnt</latexit>
⌫2a
<latexit sha1_base64="n9L9yRWUM0VPMBq3PNyAo2BJ /W0=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkpgi6LblxWsA9sh5JJM21okhmSjFCGfoB7t/oL7sStn+Ef+Bmm7 Qi29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo+aOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWjm6nfeqRKs 1jem3FCA4EHkkWMYGOlh65Me1kVT1y3Vyp7FW8GtEr8nJQhR71X+u72Y5IKKg3hWOuO7yUmyLAyjHA6cbuppgkmIzyg HUslFlQH2eziCTqzSh9FsbJPGjRT/25kWGg9FqGdFNgM9bI3Ff/zOqmJroKMySQ1VJJ5UJRyZGI0/T7qM0WJ4WNLMFH M3orIECtMjC1pISUUvwG2Gn+5iFXSrFZ8r+LfXZRr13lJRTiBUzgHHy6hBrdQhwYQkPAML/DqPDlvzrvzMR8tOPnOMSz A+fwBLEOZPQ==</latexit><latexit sha1_base64="n9L9yRWUM0VPMBq3PNyAo2BJ /W0=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkpgi6LblxWsA9sh5JJM21okhmSjFCGfoB7t/oL7sStn+Ef+Bmm7 Qi29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo+aOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWjm6nfeqRKs 1jem3FCA4EHkkWMYGOlh65Me1kVT1y3Vyp7FW8GtEr8nJQhR71X+u72Y5IKKg3hWOuO7yUmyLAyjHA6cbuppgkmIzyg HUslFlQH2eziCTqzSh9FsbJPGjRT/25kWGg9FqGdFNgM9bI3Ff/zOqmJroKMySQ1VJJ5UJRyZGI0/T7qM0WJ4WNLMFH M3orIECtMjC1pISUUvwG2Gn+5iFXSrFZ8r+LfXZRr13lJRTiBUzgHHy6hBrdQhwYQkPAML/DqPDlvzrvzMR8tOPnOMSz A+fwBLEOZPQ==</latexit><latexit sha1_base64="n9L9yRWUM0VPMBq3PNyAo2BJ /W0=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkpgi6LblxWsA9sh5JJM21okhmSjFCGfoB7t/oL7sStn+Ef+Bmm7 Qi29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo+aOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWjm6nfeqRKs 1jem3FCA4EHkkWMYGOlh65Me1kVT1y3Vyp7FW8GtEr8nJQhR71X+u72Y5IKKg3hWOuO7yUmyLAyjHA6cbuppgkmIzyg HUslFlQH2eziCTqzSh9FsbJPGjRT/25kWGg9FqGdFNgM9bI3Ff/zOqmJroKMySQ1VJJ5UJRyZGI0/T7qM0WJ4WNLMFH M3orIECtMjC1pISUUvwG2Gn+5iFXSrFZ8r+LfXZRr13lJRTiBUzgHHy6hBrdQhwYQkPAML/DqPDlvzrvzMR8tOPnOMSz A+fwBLEOZPQ==</latexit><latexit sha1_base64="n9L9yRWUM0VPMBq3PNyAo2BJ /W0=">AAACB3icbVDLSgMxFL1TX3V8VV26CRbBVZkpgi6LblxWsA9sh5JJM21okhmSjFCGfoB7t/oL7sStn+Ef+Bmm7 Qi29UDgcM69nJsTJpxp43lfTmFtfWNzq7jt7uzu7R+UDo+aOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWjm6nfeqRKs 1jem3FCA4EHkkWMYGOlh65Me1kVT1y3Vyp7FW8GtEr8nJQhR71X+u72Y5IKKg3hWOuO7yUmyLAyjHA6cbuppgkmIzyg HUslFlQH2eziCTqzSh9FsbJPGjRT/25kWGg9FqGdFNgM9bI3Ff/zOqmJroKMySQ1VJJ5UJRyZGI0/T7qM0WJ4WNLMFH M3orIECtMjC1pISUUvwG2Gn+5iFXSrFZ8r+LfXZRr13lJRTiBUzgHHy6hBrdQhwYQkPAML/DqPDlvzrvzMR8tOPnOMSz A+fwBLEOZPQ==</latexit>
(pd, qd)
<latexit sha1_base64=" TeUomNgukmwT8tDj45eABWPfiyc=">AAACFXicbZDLSs NAFIYn9VbrLSq4cTNahApSEhF0WXTjsoK9QBPLZDJph8 4kcWYilNjncO9WX8GduHXtG/gYTtoItvXAgY//nMN/+ L2YUaks68soLCwuLa8UV0tr6xubW+b2TlNGicCkgSMWi baHJGE0JA1FFSPtWBDEPUZa3uAqm7ceiJA0Cm/VMCYu R72QBhQjpaWuuVdxPJ7GozvfOTiBGd9rPu6aZatqjQvO g51DGeRV75rfjh/hhJNQYYak7NhWrNwUCUUxI6OSk0gS IzxAPdLRGCJOpJuO/x/BI634MIiE7lDBsfr3IkVcyiH 39CZHqi9nZ5n436yTqODCTWkYJ4qEeGIUJAyqCGZhQJ8 KghUbakBYUP0rxH0kEFY6sikXj/8a6Gjs2SDmoXlata 2qfXNWrl3mIRXBPjgEFWCDc1AD16AOGgCDR/AMXsCr8W S8Ge/Gx2S1YOQ3u2CqjM8f5waebg==</latexit><latexit sha1_base64=" TeUomNgukmwT8tDj45eABWPfiyc=">AAACFXicbZDLSs NAFIYn9VbrLSq4cTNahApSEhF0WXTjsoK9QBPLZDJph8 4kcWYilNjncO9WX8GduHXtG/gYTtoItvXAgY//nMN/+ L2YUaks68soLCwuLa8UV0tr6xubW+b2TlNGicCkgSMWi baHJGE0JA1FFSPtWBDEPUZa3uAqm7ceiJA0Cm/VMCYu R72QBhQjpaWuuVdxPJ7GozvfOTiBGd9rPu6aZatqjQvO g51DGeRV75rfjh/hhJNQYYak7NhWrNwUCUUxI6OSk0gS IzxAPdLRGCJOpJuO/x/BI634MIiE7lDBsfr3IkVcyiH 39CZHqi9nZ5n436yTqODCTWkYJ4qEeGIUJAyqCGZhQJ8 KghUbakBYUP0rxH0kEFY6sikXj/8a6Gjs2SDmoXlata 2qfXNWrl3mIRXBPjgEFWCDc1AD16AOGgCDR/AMXsCr8W S8Ge/Gx2S1YOQ3u2CqjM8f5waebg==</latexit><latexit sha1_base64=" TeUomNgukmwT8tDj45eABWPfiyc=">AAACFXicbZDLSs NAFIYn9VbrLSq4cTNahApSEhF0WXTjsoK9QBPLZDJph8 4kcWYilNjncO9WX8GduHXtG/gYTtoItvXAgY//nMN/+ L2YUaks68soLCwuLa8UV0tr6xubW+b2TlNGicCkgSMWi baHJGE0JA1FFSPtWBDEPUZa3uAqm7ceiJA0Cm/VMCYu R72QBhQjpaWuuVdxPJ7GozvfOTiBGd9rPu6aZatqjQvO g51DGeRV75rfjh/hhJNQYYak7NhWrNwUCUUxI6OSk0gS IzxAPdLRGCJOpJuO/x/BI634MIiE7lDBsfr3IkVcyiH 39CZHqi9nZ5n436yTqODCTWkYJ4qEeGIUJAyqCGZhQJ8 KghUbakBYUP0rxH0kEFY6sikXj/8a6Gjs2SDmoXlata 2qfXNWrl3mIRXBPjgEFWCDc1AD16AOGgCDR/AMXsCr8W S8Ge/Gx2S1YOQ3u2CqjM8f5waebg==</latexit><latexit sha1_base64=" TeUomNgukmwT8tDj45eABWPfiyc=">AAACFXicbZDLSs NAFIYn9VbrLSq4cTNahApSEhF0WXTjsoK9QBPLZDJph8 4kcWYilNjncO9WX8GduHXtG/gYTtoItvXAgY//nMN/+ L2YUaks68soLCwuLa8UV0tr6xubW+b2TlNGicCkgSMWi baHJGE0JA1FFSPtWBDEPUZa3uAqm7ceiJA0Cm/VMCYu R72QBhQjpaWuuVdxPJ7GozvfOTiBGd9rPu6aZatqjQvO g51DGeRV75rfjh/hhJNQYYak7NhWrNwUCUUxI6OSk0gS IzxAPdLRGCJOpJuO/x/BI634MIiE7lDBsfr3IkVcyiH 39CZHqi9nZ5n436yTqODCTWkYJ4qEeGIUJAyqCGZhQJ8 KghUbakBYUP0rxH0kEFY6sikXj/8a6Gjs2SDmoXlata 2qfXNWrl3mIRXBPjgEFWCDc1AD16AOGgCDR/AMXsCr8W S8Ge/Gx2S1YOQ3u2CqjM8f5waebg==</latexit>
(p˜f, q˜f )
<latexit sha1_base64="U1t7G7+TfUMxPqmS8eh0vc1BXTo=">AAACJXicbVDLSsNAFJ3UV62vqEs3o0WpICUR QZdFNy4r2Ac0sUwmk3ZwJokzE6GE/oH/4d6t/oI7EVy59TOctBH68MDA4Zx7OXeOFzMqlWV9GYWFxaXlleJqaW19Y3PL3N5pyigRmDRwxCLR9pAkjIakoahipB0LgrjHSMu7v8r81iMRkkbhrRrExOWoF9KAYqS01DWPKo6izCep4/ E0Hg7vAmf/BE5oD5l23DXLVtUaAc4TOydlkKPeNX8cP8IJJ6HCDEnZsa1YuSkSimJGhiUnkSRG+B71SEfTEHEi3XT0nyE81IoPg0joFyo4Uic3UsSlHHBPT3Kk+nLWy8T/vE6iggs3pWGcKBLicVCQMKgimJUDfSoIVmygCcKC6lsh7 iOBsNIVTqV4/C9AV2PPFjFPmqdV26raN2fl2mVeUhHsgQNQATY4BzVwDeqgATB4Ai/gFbwZz8a78WF8jkcLRr6zC6ZgfP8C4Pel3g==</latexit><latexit sha1_base64="U1t7G7+TfUMxPqmS8eh0vc1BXTo=">AAACJXicbVDLSsNAFJ3UV62vqEs3o0WpICUR QZdFNy4r2Ac0sUwmk3ZwJokzE6GE/oH/4d6t/oI7EVy59TOctBH68MDA4Zx7OXeOFzMqlWV9GYWFxaXlleJqaW19Y3PL3N5pyigRmDRwxCLR9pAkjIakoahipB0LgrjHSMu7v8r81iMRkkbhrRrExOWoF9KAYqS01DWPKo6izCep4/ E0Hg7vAmf/BE5oD5l23DXLVtUaAc4TOydlkKPeNX8cP8IJJ6HCDEnZsa1YuSkSimJGhiUnkSRG+B71SEfTEHEi3XT0nyE81IoPg0joFyo4Uic3UsSlHHBPT3Kk+nLWy8T/vE6iggs3pWGcKBLicVCQMKgimJUDfSoIVmygCcKC6lsh7 iOBsNIVTqV4/C9AV2PPFjFPmqdV26raN2fl2mVeUhHsgQNQATY4BzVwDeqgATB4Ai/gFbwZz8a78WF8jkcLRr6zC6ZgfP8C4Pel3g==</latexit><latexit sha1_base64="U1t7G7+TfUMxPqmS8eh0vc1BXTo=">AAACJXicbVDLSsNAFJ3UV62vqEs3o0WpICUR QZdFNy4r2Ac0sUwmk3ZwJokzE6GE/oH/4d6t/oI7EVy59TOctBH68MDA4Zx7OXeOFzMqlWV9GYWFxaXlleJqaW19Y3PL3N5pyigRmDRwxCLR9pAkjIakoahipB0LgrjHSMu7v8r81iMRkkbhrRrExOWoF9KAYqS01DWPKo6izCep4/ E0Hg7vAmf/BE5oD5l23DXLVtUaAc4TOydlkKPeNX8cP8IJJ6HCDEnZsa1YuSkSimJGhiUnkSRG+B71SEfTEHEi3XT0nyE81IoPg0joFyo4Uic3UsSlHHBPT3Kk+nLWy8T/vE6iggs3pWGcKBLicVCQMKgimJUDfSoIVmygCcKC6lsh7 iOBsNIVTqV4/C9AV2PPFjFPmqdV26raN2fl2mVeUhHsgQNQATY4BzVwDeqgATB4Ai/gFbwZz8a78WF8jkcLRr6zC6ZgfP8C4Pel3g==</latexit><latexit sha1_base64="U1t7G7+TfUMxPqmS8eh0vc1BXTo=">AAACJXicbVDLSsNAFJ3UV62vqEs3o0WpICUR QZdFNy4r2Ac0sUwmk3ZwJokzE6GE/oH/4d6t/oI7EVy59TOctBH68MDA4Zx7OXeOFzMqlWV9GYWFxaXlleJqaW19Y3PL3N5pyigRmDRwxCLR9pAkjIakoahipB0LgrjHSMu7v8r81iMRkkbhrRrExOWoF9KAYqS01DWPKo6izCep4/ E0Hg7vAmf/BE5oD5l23DXLVtUaAc4TOydlkKPeNX8cP8IJJ6HCDEnZsa1YuSkSimJGhiUnkSRG+B71SEfTEHEi3XT0nyE81IoPg0joFyo4Uic3UsSlHHBPT3Kk+nLWy8T/vE6iggs3pWGcKBLicVCQMKgimJUDfSoIVmygCcKC6lsh7 iOBsNIVTqV4/C9AV2PPFjFPmqdV26raN2fl2mVeUhHsgQNQATY4BzVwDeqgATB4Ai/gFbwZz8a78WF8jkcLRr6zC6ZgfP8C4Pel3g==</latexit>
Input
<latexit sha1_base64=" KL9hFM3ToeWD2uJ2krk27YZSzDM=">AAAB83icdVDLSs NAFJ34rPVVdelmsAiuQtIH1l3Bje4q2Ac0oUym03boZB JmbsQS+htuXCji1p9x5984aSOo6IELh3Pu5d57glhwD Y7zYa2srq1vbBa2its7u3v7pYPDjo4SRVmbRiJSvYBoJ rhkbeAgWC9WjISBYN1gepn53TumNI/kLcxi5odkLPmI UwJG8jxg95BeyziB+aBUduxKvV5zG3hJajmpXlSxazsL lFGO1qD07g0jmoRMAhVE677rxOCnRAGngs2LXqJZTOiU jFnfUElCpv10cfMcnxpliEeRMiUBL9TvEykJtZ6Fgek MCUz0by8T//L6CYwafsqzl5iky0WjRGCIcBYAHnLFKIi ZIYQqbm7FdEIUoWBiKpoQvj7F/5NOxXYd272plZuNPI 4COkYn6Ay56Bw10RVqoTaiKEYP6Ak9W4n1aL1Yr8vWFS ufOUI/YL19AiWOkmE=</latexit><latexit sha1_base64=" KL9hFM3ToeWD2uJ2krk27YZSzDM=">AAAB83icdVDLSs NAFJ34rPVVdelmsAiuQtIH1l3Bje4q2Ac0oUym03boZB JmbsQS+htuXCji1p9x5984aSOo6IELh3Pu5d57glhwD Y7zYa2srq1vbBa2its7u3v7pYPDjo4SRVmbRiJSvYBoJ rhkbeAgWC9WjISBYN1gepn53TumNI/kLcxi5odkLPmI UwJG8jxg95BeyziB+aBUduxKvV5zG3hJajmpXlSxazsL lFGO1qD07g0jmoRMAhVE677rxOCnRAGngs2LXqJZTOiU jFnfUElCpv10cfMcnxpliEeRMiUBL9TvEykJtZ6Fgek MCUz0by8T//L6CYwafsqzl5iky0WjRGCIcBYAHnLFKIi ZIYQqbm7FdEIUoWBiKpoQvj7F/5NOxXYd272plZuNPI 4COkYn6Ay56Bw10RVqoTaiKEYP6Ak9W4n1aL1Yr8vWFS ufOUI/YL19AiWOkmE=</latexit><latexit sha1_base64=" KL9hFM3ToeWD2uJ2krk27YZSzDM=">AAAB83icdVDLSs NAFJ34rPVVdelmsAiuQtIH1l3Bje4q2Ac0oUym03boZB JmbsQS+htuXCji1p9x5984aSOo6IELh3Pu5d57glhwD Y7zYa2srq1vbBa2its7u3v7pYPDjo4SRVmbRiJSvYBoJ rhkbeAgWC9WjISBYN1gepn53TumNI/kLcxi5odkLPmI UwJG8jxg95BeyziB+aBUduxKvV5zG3hJajmpXlSxazsL lFGO1qD07g0jmoRMAhVE677rxOCnRAGngs2LXqJZTOiU jFnfUElCpv10cfMcnxpliEeRMiUBL9TvEykJtZ6Fgek MCUz0by8T//L6CYwafsqzl5iky0WjRGCIcBYAHnLFKIi ZIYQqbm7FdEIUoWBiKpoQvj7F/5NOxXYd272plZuNPI 4COkYn6Ay56Bw10RVqoTaiKEYP6Ak9W4n1aL1Yr8vWFS ufOUI/YL19AiWOkmE=</latexit><latexit sha1_base64=" KL9hFM3ToeWD2uJ2krk27YZSzDM=">AAAB83icdVDLSs NAFJ34rPVVdelmsAiuQtIH1l3Bje4q2Ac0oUym03boZB JmbsQS+htuXCji1p9x5984aSOo6IELh3Pu5d57glhwD Y7zYa2srq1vbBa2its7u3v7pYPDjo4SRVmbRiJSvYBoJ rhkbeAgWC9WjISBYN1gepn53TumNI/kLcxi5odkLPmI UwJG8jxg95BeyziB+aBUduxKvV5zG3hJajmpXlSxazsL lFGO1qD07g0jmoRMAhVE677rxOCnRAGngs2LXqJZTOiU jFnfUElCpv10cfMcnxpliEeRMiUBL9TvEykJtZ6Fgek MCUz0by8T//L6CYwafsqzl5iky0WjRGCIcBYAHnLFKIi ZIYQqbm7FdEIUoWBiKpoQvj7F/5NOxXYd272plZuNPI 4COkYn6Ay56Bw10RVqoTaiKEYP6Ak9W4n1aL1Yr8vWFS ufOUI/YL19AiWOkmE=</latexit>
Out-pg
<latexit sha1_base64="g61qH1GwFIbNcgAON2guaT1ot3M=">AAACE3icdZDLSgMxGIUz9Vbrrdqlm2AR3Fhm esG6K7hxZwV7gc5YMmnahiYzQ/KPWIY+hmu3+gzuxK0P4CP4FqYXQaUeCHyc8/8kOX4kuAbb/rBSK6tr6xvpzczW9s7uXnb/oKnDWFHWoKEIVdsnmgkesAZwEKwdKUakL1jLH11M89YdU5qHwQ2MI+ZJMgh4n1MCxupmcy6we0iuYj iduL5MosntoJvN24VipVJ2qngO5QWUzkvYKdgz5dFC9W720+2FNJYsACqI1h3HjsBLiAJOBZtk3FiziNARGbCOwYBIpr1k9vgJPjZOD/dDZU4AeOb+3EiI1HosfTMpCQz132xqLs18uczuxNCvegkPohhYQOf392OBIcTTgnCPK0ZBj A0Qqrj5AqZDoggFU2PGdPNdAP4fmsWCYxec63K+Vl20lEaH6AidIAedoRq6RHXUQBSN0SN6Qs/Wg/VivVpv89GUtdjJoV+y3r8Ahcuetw==</latexit><latexit sha1_base64="g61qH1GwFIbNcgAON2guaT1ot3M=">AAACE3icdZDLSgMxGIUz9Vbrrdqlm2AR3Fhm esG6K7hxZwV7gc5YMmnahiYzQ/KPWIY+hmu3+gzuxK0P4CP4FqYXQaUeCHyc8/8kOX4kuAbb/rBSK6tr6xvpzczW9s7uXnb/oKnDWFHWoKEIVdsnmgkesAZwEKwdKUakL1jLH11M89YdU5qHwQ2MI+ZJMgh4n1MCxupmcy6we0iuYj iduL5MosntoJvN24VipVJ2qngO5QWUzkvYKdgz5dFC9W720+2FNJYsACqI1h3HjsBLiAJOBZtk3FiziNARGbCOwYBIpr1k9vgJPjZOD/dDZU4AeOb+3EiI1HosfTMpCQz132xqLs18uczuxNCvegkPohhYQOf392OBIcTTgnCPK0ZBj A0Qqrj5AqZDoggFU2PGdPNdAP4fmsWCYxec63K+Vl20lEaH6AidIAedoRq6RHXUQBSN0SN6Qs/Wg/VivVpv89GUtdjJoV+y3r8Ahcuetw==</latexit><latexit sha1_base64="g61qH1GwFIbNcgAON2guaT1ot3M=">AAACE3icdZDLSgMxGIUz9Vbrrdqlm2AR3Fhm esG6K7hxZwV7gc5YMmnahiYzQ/KPWIY+hmu3+gzuxK0P4CP4FqYXQaUeCHyc8/8kOX4kuAbb/rBSK6tr6xvpzczW9s7uXnb/oKnDWFHWoKEIVdsnmgkesAZwEKwdKUakL1jLH11M89YdU5qHwQ2MI+ZJMgh4n1MCxupmcy6we0iuYj iduL5MosntoJvN24VipVJ2qngO5QWUzkvYKdgz5dFC9W720+2FNJYsACqI1h3HjsBLiAJOBZtk3FiziNARGbCOwYBIpr1k9vgJPjZOD/dDZU4AeOb+3EiI1HosfTMpCQz132xqLs18uczuxNCvegkPohhYQOf392OBIcTTgnCPK0ZBj A0Qqrj5AqZDoggFU2PGdPNdAP4fmsWCYxec63K+Vl20lEaH6AidIAedoRq6RHXUQBSN0SN6Qs/Wg/VivVpv89GUtdjJoV+y3r8Ahcuetw==</latexit><latexit sha1_base64="g61qH1GwFIbNcgAON2guaT1ot3M=">AAACE3icdZDLSgMxGIUz9Vbrrdqlm2AR3Fhm esG6K7hxZwV7gc5YMmnahiYzQ/KPWIY+hmu3+gzuxK0P4CP4FqYXQaUeCHyc8/8kOX4kuAbb/rBSK6tr6xvpzczW9s7uXnb/oKnDWFHWoKEIVdsnmgkesAZwEKwdKUakL1jLH11M89YdU5qHwQ2MI+ZJMgh4n1MCxupmcy6we0iuYj iduL5MosntoJvN24VipVJ2qngO5QWUzkvYKdgz5dFC9W720+2FNJYsACqI1h3HjsBLiAJOBZtk3FiziNARGbCOwYBIpr1k9vgJPjZOD/dDZU4AeOb+3EiI1HosfTMpCQz132xqLs18uczuxNCvegkPohhYQOf392OBIcTTgnCPK0ZBj A0Qqrj5AqZDoggFU2PGdPNdAP4fmsWCYxec63K+Vl20lEaH6AidIAedoRq6RHXUQBSN0SN6Qs/Wg/VivVpv89GUtdjJoV+y3r8Ahcuetw==</latexit>Out-v
<latexit sha1_base64="A+bLeElk3PBrlrnIoM/NFX xUe/E=">AAACEXicdZDLSgMxGIUzXmu9tbp0EyyCG8tML1h3BTfurGAv0BlKJk3b0GRmSP6plqFP4dqtPoM7ces T+Ai+helFUKkHAh/n/D9Jjh8JrsG2P6yV1bX1jc3UVnp7Z3dvP5M9aOgwVpTVaShC1fKJZoIHrA4cBGtFihHpC9b 0h5fTvDliSvMwuIVxxDxJ+gHvcUrAWJ1M1gV2D8l1DGcT15fJaNLJ5Ox8oVwuORU8h9ICihdF7OTtmXJooVon8+ l2QxpLFgAVROu2Y0fgJUQBp4JN0m6sWUTokPRZ22BAJNNeMnv6BJ8Yp4t7oTInADxzf24kRGo9lr6ZlAQG+m82N Zdmvlxmt2PoVbyEB1EMLKDz+3uxwBDiaT24yxWjIMYGCFXcfAHTAVGEgikxbbr5LgD/D41C3rHzzk0pV60sWkqh I3SMTpGDzlEVXaEaqiOK7tAjekLP1oP1Yr1ab/PRFWuxc4h+yXr/AvoYneQ=</latexit><latexit sha1_base64="A+bLeElk3PBrlrnIoM/NFX xUe/E=">AAACEXicdZDLSgMxGIUzXmu9tbp0EyyCG8tML1h3BTfurGAv0BlKJk3b0GRmSP6plqFP4dqtPoM7ces T+Ai+helFUKkHAh/n/D9Jjh8JrsG2P6yV1bX1jc3UVnp7Z3dvP5M9aOgwVpTVaShC1fKJZoIHrA4cBGtFihHpC9b 0h5fTvDliSvMwuIVxxDxJ+gHvcUrAWJ1M1gV2D8l1DGcT15fJaNLJ5Ox8oVwuORU8h9ICihdF7OTtmXJooVon8+ l2QxpLFgAVROu2Y0fgJUQBp4JN0m6sWUTokPRZ22BAJNNeMnv6BJ8Yp4t7oTInADxzf24kRGo9lr6ZlAQG+m82N Zdmvlxmt2PoVbyEB1EMLKDz+3uxwBDiaT24yxWjIMYGCFXcfAHTAVGEgikxbbr5LgD/D41C3rHzzk0pV60sWkqh I3SMTpGDzlEVXaEaqiOK7tAjekLP1oP1Yr1ab/PRFWuxc4h+yXr/AvoYneQ=</latexit><latexit sha1_base64="A+bLeElk3PBrlrnIoM/NFX xUe/E=">AAACEXicdZDLSgMxGIUzXmu9tbp0EyyCG8tML1h3BTfurGAv0BlKJk3b0GRmSP6plqFP4dqtPoM7ces T+Ai+helFUKkHAh/n/D9Jjh8JrsG2P6yV1bX1jc3UVnp7Z3dvP5M9aOgwVpTVaShC1fKJZoIHrA4cBGtFihHpC9b 0h5fTvDliSvMwuIVxxDxJ+gHvcUrAWJ1M1gV2D8l1DGcT15fJaNLJ5Ox8oVwuORU8h9ICihdF7OTtmXJooVon8+ l2QxpLFgAVROu2Y0fgJUQBp4JN0m6sWUTokPRZ22BAJNNeMnv6BJ8Yp4t7oTInADxzf24kRGo9lr6ZlAQG+m82N Zdmvlxmt2PoVbyEB1EMLKDz+3uxwBDiaT24yxWjIMYGCFXcfAHTAVGEgikxbbr5LgD/D41C3rHzzk0pV60sWkqh I3SMTpGDzlEVXaEaqiOK7tAjekLP1oP1Yr1ab/PRFWuxc4h+yXr/AvoYneQ=</latexit><latexit sha1_base64="A+bLeElk3PBrlrnIoM/NFX xUe/E=">AAACEXicdZDLSgMxGIUzXmu9tbp0EyyCG8tML1h3BTfurGAv0BlKJk3b0GRmSP6plqFP4dqtPoM7ces T+Ai+helFUKkHAh/n/D9Jjh8JrsG2P6yV1bX1jc3UVnp7Z3dvP5M9aOgwVpTVaShC1fKJZoIHrA4cBGtFihHpC9b 0h5fTvDliSvMwuIVxxDxJ+gHvcUrAWJ1M1gV2D8l1DGcT15fJaNLJ5Ox8oVwuORU8h9ICihdF7OTtmXJooVon8+ l2QxpLFgAVROu2Y0fgJUQBp4JN0m6sWUTokPRZ22BAJNNeMnv6BJ8Yp4t7oTInADxzf24kRGo9lr6ZlAQG+m82N Zdmvlxmt2PoVbyEB1EMLKDz+3uxwBDiaT24yxWjIMYGCFXcfAHTAVGEgikxbbr5LgD/D41C3rHzzk0pV60sWkqh I3SMTpGDzlEVXaEaqiOK7tAjekLP1oP1Yr1ab/PRFWuxc4h+yXr/AvoYneQ=</latexit>
Out-qg
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Figure 5: A representation of the AC-OPF DNN model MC. White boxes correspond to input tensors, dark, colored, boxes
correspond to output layers. Loss components and violation degrees are shown in the rectangles with black borders.
subnetwork, in addition to the last hidden layer of the input subnet-
work that processes the load tensors.
Its architecture is summarized in the following table:
Alias Layer size in size out AF
Input FC 4l 8l ReLU
FC 8l 8l ReLU
Out-v FC 8l ` n 16l ` 2n ReLU
FC 16l ` 2n 8l ` n ReLU
FC 8l ` n 4n ReLU
FC 4n 2n ReLU
FC 2n n
Out-θ FC 8l ` n 16l ` 2n ReLU
FC 16l ` 2n 8l ` n ReLU
FC 8l ` n 4n ReLU
FC 4n 2n ReLU
FC 2n n
Out-pg FC 8l ` g 16l ` 2g ReLU
FC 16l ` 2g 8l ` g ReLU
FC 8l ` g 4g ReLU
FC 4g 2g ReLU
FC 2g g
Out-qg FC 8l ` g 16l ` 2g ReLU
FC 16l ` 2g 8l ` g ReLU
FC 8l ` g 4g ReLU
FC 4g 2g ReLU
FC 2g g
Model MLCS This model extends MCS by using trainable La-
grangian multipliers λc associated to each constraint penalty νc,
for c P C, whose value is learned during the training cycle. Its loss
function is thus:
Lopy, yˆq “ }v ´ vˆ}2 ` }θ ´ θˆ}2
` }pg ´ pˆg}2 ` }qg ´ qˆg}2
`
ÿ
cPC
λcνcpyˆq
MLCS has the same network architecture that the one adopted by
MCS.
Model MDCS Finally, MDCS, (aka OPF-DNN) uses a different
approach to estimate the Lagrangian weights λc: It does so by us-
ing the iterative Lagrangian dual scheme described in Algorithm 1.
Its loss function and architecture are analogous to those of model
MLCS.
